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Letter of Transmittal

To the Congress of the United States:

In compliance with the provisions of the act of March 3, 1915,
as amended, establishing the National Advisory Committee for Aero-
nautics, I transmit herewith the Forty-second Annual Report of the
Committee covering the fiscal year 1956.

Dwigrr D. EISENHOWER.

Tae WHIiTE HOUSE,
JANUARY 28, 1957.
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Letter of Submittal
NaTioNAL Apvisory COMMITTEE FOR AERONAUTICS

WasrinGgToN, D. C., October 17, 1956.
DEear MR. PRESIDENT:

In compliance with the act of Congress approved March 3, 1915,
as amended (U. S. C. title 50, sec. 151), I submit herewith the Forty-
second Annual Report of the National Advisory Committee for
Aeronautics for 1956.

Aeronautics is progressing at a remarkable rate. Scientific prob-
lems are multiplying in number, difficulty, and cost. Under military
stimulation, development efforts are extending beyond our basic
knowledge. Real progress can be accelerated, and on a more eco-
nomical basis were scientific research accorded priority and conducted
on an adequate basis in advance of development.

There is' a growing demand for more scientists and engineers.
Long range measures are being taken to stimulate the education of
larger numbers. In the meantime, the law of supply and demand is
forcing salaries up. Government research organizations, operating
under rates of compensation fixed by law, cannot recruit or retain
adequate numbers of scientists and engineers. NACA is losing out-
standing and irreplaceable leaders in aeronautical science. This
~ weakening trend must be reversed. The simplest and the best
remedy is the enactment of legislation authorizing the Government
to pay the going rates for scientists and engineers. Leadership in
aeronautical science and American supremacy in the air are at stake.
The necessary legislation is strongly recommended.

Respectfully submitted.
JEROME C. HUNSAKER,
Chairman.

THE PRESIDENT,
The White House, Washington, D. C.
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- FORTY-SECOND ANNUAL REPORT

OF THE

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

WasHINGTON, D. C., October 17, 1956.
To the Congress of the United States:

In accordance with Act of Congress, approved March
3, 1915, as amended (U. S. C. title 50, sec. 151), which
established the National Advisory Committee for
Aeronautics, the Committee submits its Forty-second
Annual Report for the fiscal year 1956,

The airplane looms as the instrumentality that has
changed previous concepts of military power and the
course of history. In addition to the airplane, the
missile has become a major factor in warfare. In the
emergency created by the present international situa-
tion, the United States is expending unprecedented
sums for the production of aircraft and missiles, on the
effectiveness of which the security of the Nation may
largely depend.

Numbers of aircraft and missiles alone are insufficient
unless their performance is at least equal to those they
may be called upon to oppose. This makes it essential
to choose the most advanced designs for production,
but allows little time-to prove the new features incor-
porated. It falls to the aeronautical laboratories not
only to provide the new ideas necessary to insure
superior performance, but at the same time to prove in
advance the soundness of the design as a whole. The
Committee’s work, therefore, falls into two principal
categories; namely, research to furnish new ideas; and
the application of those ideas to current military designs
in cooperation with industry. The present emergency
has naturally revised the priorities in connection with the
long-range research program, to the end that those
things which give most immediate promise are
emphasized. )

Only continued scientific research, on a scale adequate
to meet growing needs, can give the Nation assurance
that its aircraft and missiles will be kept at least the
equal of those of any other nation. In order to develop
them to their full potentialities, both in peace and in
war, scientific research must be prosecuted with vigor
and imagination.

In the last fifteen years, the speed of tactical aircraft
has been increased from less than 400 to more than
1,000 mph. Through the use of special research air-
planes, we have been able to penetrate the so-called
sound barrier to the point where our research airplanes
are flying faster than 2% times the velocity of sound.
We see the day, not too distant, when man can fly to
any point on the globe in but a few hours.

408161—857——2

To satisfy military requirements we must learn how
to project missiles at thousands of miles per hour, along
ballistic trajectories to targets far across the seas.
At the same time, we are striving for the knowledge that
will make possible satellites probing into regions beyond
the earth’s atmosphere and obtaining valuable informa-
tion.

For the ballistic missile, a temperature of many
thousands of degrees—higher than that on the surface
of the sun—will be generated in the air near the surface
of the missile. Under such conditions, the air molecules
dissociate or split apart into their constituent atoms, and
electrons are knocked out of atoms to make the air
ionized and electrically conducting.

We need to duplicate in the laboratory the strange
and difficult conditions of future flight, so that practical
solutions of these problems can be found. Recently
it has become possible to make small, pilot models
with which to prove the practicability of constructing
the expensive new tools of research necessary for the
extension of the present limits of our knowledge.

But laboratory equipment for the experimental
study of aerodynamic heating and other complex flight
problems is only one requirement. More teams of
talented young men competent to work in the new
scientific fields are urgently needed. This requires a
realistic approach to the pay problem. The attractive-
ness of public service has been critically depreciated by
private industry offering salaries and -“‘fringe benefits”
far greater than the NACA is allowed by law to pay.
We do not quarrel with the salaries paid by industry.
We must, however, not only provide additional fringe
benefits, but also offer rates of compensation sufficient
to recruit, and to hold, the scientists and engineers
necessary to perform the fundamental research that
governs progress.

Over the years the career scientists of the NACA
have made large contributions to the advancement of
aeronautics, yet the cost has been very small when
compared with the value of the results. Costs are
increasing. Further advances in the art and science
at a greatly accelerated rate are essential to our national
security. We are confident that the National Advisory
Committee for Aeronautics can continue to show the
way to important advances in aeronautics if the Con-
gress will provide the required support.

Respectfully submitted.

JeroME C. HUNSAKER,
Chairman.
=



Part I—-TECHNICAL ACTIVITIES
THE NACA—WHAT IT IS AND HOW IT OPERATES

During the 41 years since the Congress founded it as
an independent Federal agency, the National Advisory
Committee for Aeronautics has sought to assess the
current stage of development of aircraft, both civil and
military; to anticipate the research needs of aeronautics;
to build the scientific staff and unique research facilities
required for these research needs; and to acquire the
needed new knowledge as rapidly as the national
interest requires.

By discharging its primary responsibility—scientific
laboratory research in aeronautics—the NACA serves
the needs of all departments of the Government. The
President appoints the 17 unpaid members of the Com-
mittee, who report directly to him. They establish
policy and plan the research to be carried out by the
7,900 scientists, engineers, and other persons who make
up the staff of the agency.

The NACA research programs have both the all-
inclusive, long-range objective of acquiring new scien-
tific knowledge essential to assure United States leader-
ship in aeronautics and the immediate goal of solving,
as quickly as possible, the most pressing problems. In
this way, they effectively support the Nation’s current
aircraft and missile construction program.

Most of the problems to be studied are assigned to the
NACA'’s research centers. The Langley Aeronautical
Laboratory in Virginia works on structural, general
aerodynamic, and hydrodynamic problems. The Ames
Aeronautical Laboratory in California concentrates on
high-speed aerodynamics. The Lewis Flight Propul-
sion Laboratory in Ohio is a center for power-plant
studies. At the High-Speed Flight Station in Cali-
fornia special fully instrumented research aircraft probe
transonic and supersonic problems in flight. The
Pilotless Aircraft Research Station at Wallops Island,
Virginia, is a branch of the Langley Laboratory where
rocket-powered free-flight models are used to attack
aerodynamic problems in the transonic and supersonic
speed ranges.

A major task of the NACA since its beginning in 1915
has been coordinating aeronautical research in the U. S.
Through the members of the Committee and its 28
technical subcommittees, the NACA links the military
and civil government agencies concerned with flight.
The aviation industry, allied industries, and scientific
institutions are also represented.

Assisting the Committee in determining and co-
ordinating research programs are 4 major and 24 sub-
ordinate technical committees with a total membership

of nearly 500. Members are chosen because of techni-
cal ability, experience, and recognized leadership in
a special field. They also serve without pay, in a
personal and professional capacity. They furnish val-
uable assistance in considering problems related to their
technological fields, review research in progress at
NACA laboratories and in other establishments,
recommend new research to be undertaken, and assist
in coordinating research programs.

Members of the technical committees and sub-
committees and of the Industry Consulting Com-
mittee are listed in Part II of this report, beginning
on page 80.

Research coordination is also accomplished through
frequent discussions by NACA scientists with the
staffs of research organizations of the aircraft industry,
educational and scientific institutions, and other aero-
nautical agencies. Through a west coast office the
NACA maintains close liaison with aeronautical re-
search and engineering staffs in that important
aviation area.

The NACA sponsors and finances a coordinated
research program at 33 nonprofit scientific and educa-
tional institutions, including the National Bureau of
Standards. In this way scientists and engineers whose
skills and talents might otherwise not be available
contribute importantly to Federal aeronautical research.

During the fiscal year 1956, the following institutions
participated in NACA contract research:

National Bureau of Standards
University of Alabama

Battelle Memorial Institute
Polytechnic Institute of Brooklyn"
Brown University

California Institute of Technology
University of California

Carnegie Institute of Technology

Case Institute of Technology
University of Cincinnati

Columbia University

Cornell University

Franklin Institute

Forest Products Laboratory

Georgia Institute of Technology

Johns Hopkins University

University of Kentucky

Lightning & Transients Research Institute
Massachusetts Institute of Technology
University of Michigan :
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University of Minnesota

New York University

University of North Carolina

University of Oklahoma

Purdue University

Syracuse University

University of Washington

University of Wisconsin

Southwest Research Institute -

Stanford Research Institute

Stanford University

Stevens Institute of Technology

Yale University .

Proposals from such institutions are carefully weighed
to assure best use of the limited funds available to the
NACA for sponsoring research outside its own facilities.
Published research reports of the useful results of this
part of the NACA program are distributed as widely as
other NACA publications.
During the fiscal year, most of the NACA technical

subcommittees reviewed research proposals from out-
side organizations or gave attention to research reports

of completed contracts. There were 43 sponsored-
research reports released during fiscal 1956.

Most of NACA’s research information is distributed
by means of its publications. Technical Notes and
Reports are not classified for military security reasons
and are available to the public in general. Translations
of important foreign research reports appear as Tech-
nical Memorandums. The NACA also prepares re-
search reports containing classified information. For
reasons of national security, these receive carefully con-
trolled circulation. When such information can be de-
classified, the research reports may be given wider dis-
tribution. Current NACA publications are announced
in the NACA Research Abstracts.

Every year the NACA holds a number of technical
conferences with representatives of the aviation in-
dustry, the universities, and the military services pres-~
ent. Attendance at these conferences is restricted be-
cause classified material is presented and the subject
matter discussed at each conference is focused on a
specific field of interest.

BOUNDARY-LAYER CONTROL

“It is established by reliable experiments that fluids
like water.and air never slide on the surface of the body;
what happens is the final fluid layer immediately in con-
tact with the body is attached to it (is at rest relative
to it), and all the friction of fluids with solid bodies is
therefore an internal friction of the fluid. Theory and
experiment agree in indicating that the transition from
the velocity of the body to that of the stream in such a
case takes place in a thin layer of the fluid, which is so
much the thinner, the less the viscosity. In-this layer,
which we call the boundary layer, the forces due to vis-
cosity are of the same order of magnitude as the forces
due to inertia. . . .”.

Publication 35 years ago of the NACA document con-
taining the above definition of the boundary layer (Re-
port 116, “Applications of Modern Hydrodynamics to
Aeronautics,” by Ludwig Prandtl, 1921) together with
issuance of Glauert’s volume, “Aerofoil and Airscrew
Theory,” in 1926 has been credited by Sir William S.
Farren with having “revolutionized our understanding
and powers of analyzing the main phenomena which de-
termine the lift and drag of aircraft, the thrust and
torque of propellers, and the interference of wind tun-
nel constraints. It is hardly too much to say that a
mass of indigestible ‘facts’ was rendered of historical
interest by a few pages of inspired theoretical work.”
Even earlier (in 1904 in a paper read to the Third Con-
gress of Mathematicians at Heidelberg) Prandtl had
laid down the bases of the boundary-layer theory.

For more than a half century, then, the very compli-
cated mechanics of the boundary layer have been
studied. Especially at high lift, high pressure gradi-

ents exist on the upper surface of a wing, that is, re-
gions where the upper surface pressures increase rap-
idly in a positive sense toward the wing trailing edge.
Such a gradient will exist just aft of the wing leading
edge and at the forward edge of a deflected flap.

As boundary-layer air traverses these pressure gra-
dients, the pattern of velocity distribution within the
boundary layer changes from one in which velocity in-
creases rapidly from zero at the surface to a free-stream
value just above the surface to a pattern in which for a
short distance above the surface velocity is zero, and
thence to a pattern in which flow reverses in a region
just above the surface and goes toward the wing leading
edge. This condition arises when the air next to the
surface has not enough dynamic energy to move in the
direction of the wing trailing edge against the increasing
pressure of the stagnant layer.

With the occurrence of reverse flow, the whole flow
mass breaks away, or separates, from the upper surface
and lift is sharply reduced. The pressure gradient at
the leading edge increases with increase in angle of
attack; when the pressure gradient becomes so steep
that the boundary layer separates from the airfoil sur-
face, further increase in angle of attack produces no
increase in lift, and frequently produces a significant
loss.

Aerodynamicists recognized early that gains of in-
creased lift and reduced- drag could be made by pre-
venting or delaying this separation of the air flowing,-
over the upper surface of the wing. Suggested ways to
provide a measure of boundary-layer control included.
slots and flaps actuated by the pressure difference.
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between the upper and lower surface of the wing, served
as ‘“natural”’ pumps by providing a flow of air that
delayed separation.

What is believed to have been the first use of such a
device came soon after World War I. Gustav Lach-
mann in Germany and Sir Frederick Handley-Page in
England, working independently at first and then to-
gether, developed leading edge slots. These opened
when the wing was inclined to a high angle of attack,
thus preventing flow separation near the leading edge.
Another device, developed for delaying separation and
installed on airplanes in later years, is the slotted flap
near the trailing edge of the wing.

In the late thirties, the NACA developed airfoils
which provided laminar (non separated) flow to a degree
far greater than that previously obtainable.

This work of changing the shape of the airfoil, per-
formed at the Langley Aeronautical Laboratory, made
it possible to delay the transition from smooth, laminar
flow to turbulent or eddying flow to such an extent that
the skin friction, or basic air resistance, of a wing could
be reduced by almost two-thirds. When first adapted
for use, on the North American P-51 Mustang, the so-
called laminar-wing principle enabled design of a high-
speed fighter with superior long-range capabilities.

Another way of postponing the transition to turbu-
lent air flow through boundary-layer control is that of
using mechanical pumps to suck in air and thereby limit
the growth of the boundary layer. By 1940, study of
this aspect of the boundary-layer-control problem had
begun at the Langley Laboratory, and by the early
years of World War II the work had progressed to full-
scale flight testing.

In 1927, to cite an example of early research on the
use of mechanical methods to provide boundary-layer
control for high lift, a Navy trainer, a Curtiss TS-1,
was modified at the Langley Laboratory for flight study
of the system of boundary-layer control by blowing
which Richard Katzmayr of Vienna had suggested.
Two spanwise slots were installed on the upper surface
of the upper wing to blow away the boundary-layer air.
Blowing air was supplied by a conventional super-
charger.

In the following 20 years, wind-tunnel investigations
repeatedly demonstrated that large aerodynamic gains
could be obtained from use of boundary-layer control.
NACA Report 385, published in 1931, presented results
showing that the maximum lift coefficient could be in-
creased as much as 96 percent. Although large aero-
dynamic benefits were thus demonstrated, there was
little enthusiasm for adapting such boundary-layer con-
trol schemes to airplanes of those days. Not only was
the weight of the required pumping equipment con-
sidered prohibitively high, but, for airplanes of low
wing loading, the use of large span flaps usually pro-
vided lift coefficients sufficiently high to permit accept-
ably low landing speeds.

In the middle forties, the design changes required to
enable airplanes to reach supersonic speeds (as well as
very low flight speeds) made development of useful,
mechanical boundary-layer-control systems which could
produce high Jift a matter of greatly increased interest.
Too, the tremendous increase in power available in the
newly developed turbojet engines offered attractive pos-
sibilities for the needed supplies of suction or blowing air.

Among factors limiting the high-lift capabilities of
modern high-speed airplanes have been the following:
(1) Reduced wing aspect ratio and increased wing sweep,
which reduce wing lift at a given angle of attack and
also reduce the lift increment produced by flap deflec-
tion; (2) wing-thickness reduction which lowers the
stalling angle of attack, and thus limits maximum lift,
and (3) reduction in wing stiffness, requiring that ai-
lerons be moved inboard to avoid aileron reversal at
high speeds, leaving little or no wing area to convert
to flaps.

Boundary-layer control is applied to trailing-edge
flaps to achieve all the lift that theory indicates is
available. If the increase in lift with increasing flap
deflection for any given wing with conventional flaps is
compared with that under the ideal conditions of theory,
it is found that even for flap deflections as low as 20°
the lift increment falls short of the theoretical value.
At flap deflections as high as 60°, the lift increment
may be only half that suggested by theory. If the
flaps could be made to act as theory predicts, a sub-
stantial increase in lift could be realized on any flapped
wing, without changes in other design features.

Proper application of boundary-layer control to the
flaps will result in approaching the theoretical values
of lift up to flap deflections of 60° to 70°. This has
been demonstrated on a wide variety of wings ranging
from those typical of fighters (thin, low aspect ratio,
and high sweep) or bombers and jet transports (moder-
ate thickness, high aspect ratio, and moderate sweep)
to those of slow-speed airplanes (thick, high aspect
ratio, and no sweep).

Design details differ, of course, but the prime objec-
tive was realized in each of these cases. An interesting
corollary of these results is that with the flap effective-
ness maintained to high flap deflections, the function
of flaps and ailerons can be combined in a single unit
without a major sacrifice in the effectiveness of either.

Research has demonstrated that boundary-layer con-
trol applied to a wing leading edge or to a wing leading-
edge flap can greatly extend the useful angle-of-attack
range. Boundary-layer control of the wing leading
edge has also been successfully applied to a variety
of airplane types.

Again, design details must differ because of differences
in airplane design. For example, the application of
boundary-layer control to the wing leading edge can
bave powerful and differing effects on the longitudinal
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stability of the airplane, dependmg on the location of
the horizontal tail.

It is believed, however, that sufficient research has
been completed on the application of boundary-layer
control to a wing leading edge to enable the designer to
use it with no more detailed “tailoring’’ for his specific
design than would be required for a leading edge with-
out boundary-layer control.

One point worthy of comment has been noted often
in the course of boundary-layer-control studies. This
is the need for more effort to be devoted to the problem
of stall occurring at the wing leading edge as & result of
trailing-edge flap effectiveness being increased. It was
found that with boundary-layer control applied to
trailing edge flaps of wings incorporating conventional
slats at the leading edge the greater lift due to boundary-
layer control results in the slats being unable to delay
leading-edge stall to the desired angles of attack: In
other words, although the flap lift increment of the

" basic design was increased a significant amount, the
maximum total lift was limited by leading-edge stall.
It may well be that the stall may be delayed sufficiently
at the wing leading edge only through mechanical
boundary-layer control.

It is important to note, then, that the apparently
simple expedient of applying boundary-layer control to
the trailing-edge flaps of an existing airplane may
result in disappointing lift characteristics. Like many
other facets of airplane design, satisfactory application
of boundary-layer control cannot be realized by focusing
attention on one phase only. The effects of boundary-
layer control must be considered in the whole design.

In achieving boundary-layer control by removing the
low-energy air, a theory was developed which predicted
that if suction over one long slot, rather than through
a number of separate slots could be realized, the total
volume of air required would be reduced very greatly.
Experiments showed that this result could be largely
realized where use of sintered metals permitted approxi-
mately continuous suction. Although the flow volume
needed to achieve boundary-layer control was not
reduced to the level predicted by theory, it was brought
down to a practical value when considered in terms of
duct size and pumping equipment.

The range of experiments, using suction through
sintered metal, covered applications to wing leading
edges and leading-edge flaps and to wing leading-edge
flaps on 10 different wings typical of turbojet fighters
and bombers and propeller-driven transports. For
example, on a North American F-86 airplane, area-
suction boundary-layer control increased flap lift 50
percent at a flap deflection of 55°.

In this instance the required boundary-layer control
was obtained with a 12-horsepower motor drawing 20
cubic feet of air per second through a 20-square-inch
duct. Similarly, practical installations appear possible

in other instances of area suction that have been
examined.

Major research effort on blowing boundary-layer
control has been directed toward reducing the mass
flows required at high pressure ratios to a point where
the use of flowing boundary-layer control would not
compromise the engine or airplane operation. For
example, the amount of bleed air required at the pres-
sure ratios available during take-of must be low
enough that the accompanying engine thrust loss does
not cancel potential improvement in take-off charac-
teristics resulting from the higher lift due to boundary-
layer control. Also, the bleed air required at the
pressure ratios available during approach and landing
must be low enough that the engine is not operated at
high valves of rpm and thrust simply to provide an air
supply for the boundary-layer control.

The effectiveness of blowing-air boundary-layer con-
trol depends upon the thrust of the issuing jet. In other
words, the same effectiveness can be obtained by dis-
charging small quantities of air at very high velocities
as with large quantities of air at relatively low velocities.
This fact makes easier the matching of boundary-layer-
control requirements with jet-engine characteristics. '

The experiments and analyses made to date show that
in every case studied, careful design based on the re-
search data will enable these conditions to be met
while realizing full benefits of the boundary-layer con-
trol. For instance, on a swept-wing airplane design
typical of proposed light transports for bombers and
powered by two Pratt & Whitney J—57 turbojet engines,
full boundary-layer control on the trailing-edge flaps
could be realized by use of 6 pounds of air per second at
a pressure ratio of 5. This air quantity can be pro-
vided by one J-57 engine at idle conditions, without
affecting its operation significantly. At higher engine
thrust conditions, of course, the engine can supply con-
siderably more pressure and air than is required.

Flight research on boundary-layer control has been
carried on at the Ames and Langley Laboratories.
Principal goals of this full-scale research, now concen-
trated at Ames, are three-fold: (1) to verify results
which were demonstrated in the wind tunnels, (2) to
gain firsthand experience with the practical problems of
using boundary-layer control, and (3) to obtain both
qualitative and quantitative measurements of pilots’
reactions to the use of boundary-layer control.

At the Ames Laboratory, North American F-86 and
FJ-3 airplanes have been modified and flown with area
suction boundary-layer control applied to the wing
leading edge and to the trailing-edge flaps and with
blowing boundary-layer control applied to the trailing-
edge flaps. In no case was it practicable to modify the
structure to permit installation of a complete (both
leading-edge and trailing-edge) system. In all cases,
because the boundary-layer-control installation was
not part of the basie, original design, the improvement
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in the overall performance characteristics fell short of
what otherwise would have resulted.

Nevertheless, very useful results have been obtained
and the program is being extended at Ames to include
application of blowing boundary-layer control to both
leading-edge and trailing-edge flaps on a North Ameri-
can F-100. In addition, NACA pilots have flown, and
to varying degrees evaluated, most of the few airplanes
modified by the aircraft industry to include boundary-
layer control.

The study of pilot reaction to the use of boundary-
layer control for high lift is being expanded into a more
general study of the factors involved in choice of landing
and take-off techniques. It has been noted that every
pilot has taken advantage of some or all of the gain in
1ift brought about by the use of boundary-layer control,
resulting in reduced landing speeds. Without exception,
pilots have commented on the increased smoothness of
flight and increased controllability resulting from
boundary-layer control. The chosen approach speed of
a North American F-86 in a GCA approach was dropped
from 140 to 115 knots, and the pilot commented that
even at the lower speed the airplane was easier to hold
to the desired flight path.

Perhaps the most interesting, though as yet tentative,
conclusion drawn from the flight-test results is that
boundary-layer control is tending to remove lift as a
limiting factor in choosing & minimum flight speed.
In its place the pilots are stating that “altitude control”
or ‘“ability to check sink’ is becoming the limiting
speed factor. Exploratory studies indicate that the
pilots are using engine thrust for this control and that
their minimum speed choice is significantly affected by

the minimum rpm at which adequate engine response -
can be obtained.

Lack of space in this report prevents consideration of
a number of other interesting aspects of boundary-layer-
control research by NACA scientists. Among them
are the investigation of the whole area of boundary-
layer control from inlet to exhaust of the power-plant
system and the renewed efforts being made to learn
how to employ boundary-layer control for drag reduc-
tion at very high speeds. :

Today, the necessary basic research on the problems
of boundary-layer control for high-lift conditions have
been essentially completed. Now, it is possible to
estimate with a fair degree of accuracy the gains to be
realized in lift, the necessary cost in power required,
and the design details associated with the use of
boundary-layer control for a specific airplane. Infor-
mation now in hand strengthens the belief that further
effort to utilize boundary-layer control in future designs
will be repaid by substantial performance improvement.

As wing loadings are increased to values beyond 100
pounds per square foot, entirely new concepts may be
required to provide desired landing and take-off per-
formance. Under study at the Langley Laboratory is
the jet-flap principle, where a large percentage, or even
all, of the primary power-plant jet exhaust thrust is
used to augment lift. Exploitation of this idea may
make it possible for the high-performance airplanes of
the future, both civil and military, to take off and land
at airports of present day proportions. Substantial
application of the concept in the design of vertical-
and short-takeoff-and-landing aircraft also appears
li.kely'

HIGH-SPEED FLIGHT RESEARCH

From its conception in 1944 as a device for obtaining
essential information about the problems of transonic
and supersonic flight (information at the time mostly
unobtainable in wind tunnels) the specially-designed,
specially-instrumented airplane has become one of the
most valuable tools of aeronautical research. So rapid
and so spectacular have been the performance gains
that it may be difficult to recall that, only 12 years ago,
even the most advanced airplanes were limited by
“‘compressibility”’ to Mach numbers below 0.85.

The first and most obvious benefit from the trail-
blazing speeds and altitudes made by research airplanes
was the confidence engendered by the demonstration
in 1947 that flight through the fully unknown transonic
range was possible. Almost overnight, supersonic flight
by tactical aircraft became possible by straightforward
Imeans.

More important to the rapid performance improve-
ment of our tactical airplanes has been the mass of
detailed information resulting from intensive use of the
research airplanes. To date, nearly 400 technical

reports have been prepared by the NACA, covering
flight-test results together with related wind tunnel
investigations and theoretical studies. So rapidly has
the information been assimilated into design practice
that today one of the most challenging aspects of the
continuing research-airplane program is the task of
acquiring additional data fast enough to stay ahead of
the new, high-performance airplanes now being designed
and built.

Conduct of the research-airplane program has been
a wholly cooperative venture, with the resources of the
Air Force and the Navy, the participating airframe and
engine manufacturers, and the NACA being used as
needed. The military services have provided funds
and generally have performed the mission of exploring
and exploiting the maximum performance capabilities
of the airplanes. The manufacturers, of course, have de-
signed and built the airplanes and engines and in most
instances, their pilots have carried out demonstration
flights to satisfy contractual requirements. The
NACA has furnished the latest research information for
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application in design of the airplanes, has made neces-
sary wind-tunnel investigations using models of the
airplanes, has provided data-gathering instrumentation
for the planes, and has conducted the research flight
programs. '

What follows is a summary of this fruitful program,
with special emphasis on the part the NACA has played.

Although the bulk of the NACA’s research effort in
the years of World War II was concentrated upon obtain-
ing the quick-fix answers needed for performance
improvement of airplanes already in production, it was
obvious as early as 1943 that the very large amounts of
thrust inherent in the turbojet and rocket engines
coming into use offered the means of attaining super-
sonic flight. It was realized, however, that diligent and
vigorous research effort using new tools and new tech-
niques was essential—new aerodynamic knowledge had
to be acquired before the supersonic speed potential
could be exploited. .

Existing knowledge of transonic air flow was pitifully
" small, and earlier efforts to develop a body of useful
transonic theory generally had been unsuccessful. It
was necessary to use experiment, but the principal tool
of aerodynamic research, the wind tunnel, was subject
to ‘““choking’ near the speed of sound and new tech-
niques had to be devised. As victory loomed in Europe
and the Far East, the NACA’s effort in this direction
was increased and broadened to include all approaches
which offered promise.

Among the techniques employed were: (1) Specially
instrumented aerodynamic bodies dropped from air-
planes at high altitude; (2) small models placed on the
wings of airplanes to capitalize upon the accelerated air
flow above a curved surface, and (3) rocket-propelled
models fired from the ground. With later advances
in radar and radio-telemetering equipment, the rocket-
propelled model has proved most valuable in research.

One of the earliest ideas for exploring the transonic
speed range was suggested in 1943. Specially designed
airplanes could be used to probe the transonic speed
range. They could be propelled by the most powerful
engines available; they could be loaded with' data-
recording instruments. Danger could be minimized
if the research were performed at great altitude and in
level flight; the loads imposed upon the structure would
thus be kept low, and, if trouble developed, the pilot
could throttle back to lower speed. For this conception
of the research airplane, John Stack of the Langley
Aeronautical Laboratory shared the 1947 Collier Trophy
with the late Lawrence D. Bell, president of Bell Aircraft
Corp. which built the X-1, and with then Capt. Charles
E. Yeager, USAF, the first man to fly supersonically.

In 1944 contracts were let for construction of the first
two research airplanes. Bell Aircraft Corp. began
design of the X-1 (originally known as Project MX653
and later as XS-1) under Air Force sponsorship, and
‘the Douglas Aircraft Co. about the same time undertook

-calibre bullet.

fighters.

construction of the D-558, sponsored by the Navy.
The first of these was to be powered by a rocket motor;
the second, by a turbojet engine.

First to reach the flight-test stage was the X-1, of
which two originally were-constructed. The fuselage
lines were adapted from the basic shape of a 0.50
Straight wings, with thick, tapered
aluminum skin, were provided to insure enough struc-
tural strength to withstand the loads expected at the
altitudes and speeds programmed. . The strength factor
was specified at 18g, instead of the 12g then required for .
One set of wings had a thickness of 10 per-
cent, much less than anything then flying; the second
set was only 8 percent thick.

The power plant of the X-1 was a four-barrel rocket
engine developed by Reaction Motors, Inc., under Navy
contract. The engine used a simple but effective
system of regenerative cooling (one of the liquid pro-
pellants was passed over the outer surface of the com-
bustion chamber before being injected into the com-
bustor) conceived in the midthirties by James H.
Wyld, one of the founders in 1941 of Reaction Motors,
Inc. Each rocket barrel produced 1,500 pounds of
thrust, for a total engine thrust of 6,000 pounds.

Originally the R. M. I. rocket engine was to have
incorporated a turbine pump to force the liquid-oxygen
and alcohol-water fuel into the combustion chamber at
a high rate. When development of a pump capable of
operating at the required low temperatures impeded
construction of the rocket engine, it was decided to use
nitrogen under pressure to handle the fuel flow despite
the resulting reduction in fuel carried.

In the fall of 1945, before the rocket engine was ready,
the airframe of the X-1 was completed. To save time,
Bell engineers proposed carrying the airplane aloft in
a ‘““mother ship,”” then releasing it to fly without power.
In this way the general airworthiness of the X-1 could
be determined before the rocket motor was completed.
These tests were conducted early in 1946 at Pinecastle
Air Force Base, Florida, and a group from the Langley
Laboratory was sent to maintain and operate the 500
pounds of instrumentation carried by the X-1 and to
provide technical guidance. ‘The ‘‘mother ship”
technique has been used since with others of the re-
search-airplane series.

Following the successful glide tests it was decided
that, in the interest of maximum safety for the pilot,
powered flights should be made in the vicinity of the
largest available landing area. The choice was the Air
Force installation on the edge of Rogers Dry Lake in
the Mojave Desert of California, known then as Muroc
and now as Edwards Air Force Base. -

After installation of the R. M. I. engine at Bell Air-
craft’s Niagara Falls plant, the first of two X~1 research
airplanes was taken to Edwards early in October 1946.
The previous month, 13 engineers, instrument tech-
nicians, and technical observers, all from Langley, were
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designated the NACA Muroc Flight Test Unit. On
September 30 they began work at the desert base. The
first successful rocket-powered flight was made Decem-
ber 9 by Chalmers H. (“Slick’) Goodlin, company test
pilot. By June 1947 performance up to a Mach number
of 0.8 was fully demonstrated by Bell Aircraft pilots in
a series of 21 powered flights.

On June 30, at a meeting at Wright-Patterson Air
Force Base the Air Force and NACA agreed to divide
responsibilities. Each agency was to use one of the
X-1 airplanes in complementary flight programs. The
Air Force objective was to exploit the airplane’s maxi-
mum performance in as few flights as were reasonable,
consistent with safety. The NACA program was
necessarily more extensive: to acquire the desired
detailed information. The NACA group, now perma-
nently assigned at Edwards, was to furnish engineering
and instrumentation assistance to the Air Force group,
while the air launching of the NACA airplane was to
be handled by the Air Force.

The Air Force received its X-1 in August 1947;
mechanical difficulties delayed flights of the other model
by the NACA until after the first of the year. Details
of the historic first supersonic flight on October 14, 1947,
by then Capt. Charles E. Yeager, USAF, are so well
known as to need no recounting here. On March 4,
1948, NACA pilot Herbert Hoover became the first
civilian to fly faster than sound.

Before turning attention to the research airplanes
which came later, the following quotation from Maj.
Gen. Albert Boyd, USAF, himself one of the first to
fly supersonically, is given as a summation of the
effectiveness of the cooperative program:

“The combination of talents served two purposes.
First, the accelerated USAF program permitted a
rapid exploration of the capabilities of the X-1 to the
highest speed attained; and, secondly, the detailed
NACA program provided the comprehensive data
needed to develop complete envelopes of aircraft per-
formance which might reveal unsatisfactory flight
characteristics at some intermediate point. When
considered separately, each program was a notable
contribution to flight research, however, when combined,
the results stand as a monumental tribute to both the
USAF and NACA since the sonic barrier monster was
not only completely licked, but a blow-by-blow account
of its defeat was recorded for future use.

“The end results of high-speed flight-research pro-
grams conducted jointly made available to aircraft
designers, for the first time in the history of flight
testing, sorely needed information which served a
dual purpose. The rapid but sketchy USAF portion
of the program supplied answers which went toward
determining the military applicability of a research
aircraft, whereas the lengthy but detailed NACA
program confirmed or refuted wind-tunnel data and
at the same time provided information which would
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permit aircraft designers to avoid dangerous flight
characteristics in future military and civilian aircraft
of a more advanced design.”

The Douglas D-558 research airplane project, spon-
sored by the Navy, quickly became a two-fold effort.
The phase-one airplane, christened Skystreak, was
similar to the X-1 in general layout. It was powered
by a General Electric TG-180 turbojet instead of a
rocket engine, and, because its potential was limited to
transonic speed, the strength requirement was dropped
from 18g to 12g.

Flown for the first time in mid-March, 1947, the
Skystreak was used in manufacturer’s performance
demonstrations for about 5 months. On August 20 of
that year the Navy Skystreak project officer, then
Comdr. Turner Caldwell, flew the airplane to a new
world’s speed record, 640.7 mph. Five days later, then
Maj. Marion Carl, USMC, added another 10 mph.

Three Skystreaks were built. One was destroyed on
take-off in May 1948. The two other D-558-1 air-
planes were used intensively by the NACA in study of
flight problems at speeds up to 2 Mach number of 0.9.
As the program developed, the X—-1 and D-588-I were
used in combination. The turbojet-powered Skystreak,
having longer flight duration, was used for the heavy
work up to low transonic speeds, while the X-1 flights
were at higher speeds.

Instrumentation for these flights made possible pre-
cise measurement of performance (lift and drag),
stability and control, and aerodynamic loads. For
the loads work, instrumentation covered measurements
both by strain gauges and detailed pressure-distribution
pickups. This basic pattern, supplemented by special
recording devices to obtain other data, has been used
with the later research aircraft. :

NACA'’s first facilities at the Dry Lake base were
entirely makeshift, consisting of wire cages in one Air
Force hangar. In fact, Air Force facilities at the Base
were generally inadequate. In 1948, the NACA took
over a small hangar and built lean-to structures along-
side for shops and offices. By the end of 1948, the
complement of the NACA’s Muroc Flight Test Unit
had been increased to 60; the following year the group
name was changed to High Speed Flight Research
Station.

By early 1949 the Douglas Skyrocket, the second
phase of the D-558 program, was nearing completion
of contractor performance demonstrations, using only
turbojet power. The airplane differed from the
Phase I in two important details. It had both a
Westinghouse J-34 turbojet engine and a R. M. 1.
rocket motor, and its wings were swept. At first the
wing sweep was specified at 45°, but because so little
about its effect was then known (except that it reduced
lift capabilities of the wing) sweep was reduced first to
40° and finally to 35°. Automatic leading-edge slots



8 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

and wing fences were provided to overcome some dis-
advantages of sweepback.

Later in 1949, the Skyrocket first flew with both jet
and rocket power. It soon became clear that the
rocket engine would be necessary, in addition to the
turbojet, for ground take-off in the heavily loaded
condition. Such a requirement meant there would be
little rocket fuel available for high-speed flight at alti-
tude. Consequently, the NACA recommended modi-
fication of the D—558-I1 for air-launching. While this
work was being done, one of the Skyrockets was further
modified by removing the jet engine and its fuel tanks,
to provide additional rocket fuel for longer high-speed
flight. :

The Douglas Company in 1950 began air-launched
flights, and early the next year began maximum per-
formance flights for the Navy, using the all-rocket
D-558-11. William Bridgeman, the pilot, that year
exceeded 1,200 mph (Mach number of 1.87). In the
summer of 1951, Col. Carl, USMC, reached 82,000-ft.
altitude. It was not until November 20, 1953, how-
ever, that the maximum velocity of the D-558~I1 was
attained. On that day, NACA pilot Scott Crossfield
became the first man to reach a Mach number of 2, or
1,328 mph.

The problem of longitudinal stability (pitch-up), as
experienced by airplanes with swept-back, low-aspect-
ratio wings, was first met in flight with the D-558-11
airplanes. The onset of pitch-up (where the airplane
noses up abruptly) was not unexpected; wind-tunnel
investigations had suggested this might happen. It
was not until the problem could be studied in flight
that its severity could be fully evaluated. In the Sky-
rocket, many types of wing devices were used in efforts
to lessen the pitch-up severity.

The Skyrocket further was used effectively in the
study of the violent lateral oscillations which may
occur at high speed when the airplane is in low-angle-of-
attack attitude. When Bridgeman made his flight
at a Mach number of 1.87, he experienced lateral
oscillations of as much as 75°. After a detailed study
of the stability problems in flight, the NACA was
able to dampen the lateral oscillations sufficiently to
permit maximum flight to Mach number of 2.01.

One of the major problems faced by designers of
supersonic fighters which can be studied in the wind
tunnel as well as in flight is the decrease in directional
stability that occurs as speed increases. What hap-
pens is that conventional lifting surfaces, such as the
vertical tail, tend to lose their lift effectiveness with
increase in Mach number. The positive directional
stability of an airplane may decrease to the point
where it is unacceptable. By increasing the wind-
tunnel speed to and above this point, the advent and
seriousness of the phenomenon as it affects a particular
design can be studied in detail.

This problem was experienced first in the Skyrocket
program. It has been studied with succeeding air-
planes available to the NACA Station.

During 1949 and the first months of 1950, the
Northrop X—4, a tailless, swept-wing airplane powered
by two Westinghouse J-30 turbojet engines was
undergoing contractor trials. Sponsored by the Air
Force, the airplane was assigned to the NACA in mid-
1950. For several years thereafter, the X-—4 was
flown many times to investigate problems peculiar
to a tailless design. Stability difficulties encountered
at higher speeds made impossible attainment of speed
beyond a Mach number of 0.95. In the X—4 program,
much of value was learned about the stability and con-
trol characteristics of this type of airplane. Perhaps
of even greater importance was the ability to acquire
trend information (hints of things to come) about
dynamic stability involving the coupling of the aero-
dynamic and mass characteristics of an airplane.

By the beginning of 1952, when the variable-sweep
wing Bell X-5 became available to the NACA, the
staff of its High-Speed Flight Research Station num-
bered nearly 200. The X-5 was designed to permit
flight investigation of difficulties resulting from the
fact that although wing sweep was obviously of great
utility in alleviating or delaying the large drag rise
occuring near the speed of sound, its use entailed
numerous problems associated with landing at low
speeds. An airplane able to land and take off with its
wings essentially straight, and then sweep them back
20° to 60° in flight, offered obvious advantages. The
most modern airplanes being flown at the time had
little more than 35° sweepback. It was felt necessary
to acquire flight experience with airplanes having
highly swept wings, up to 60°, and the X-5 offered
the. best means of accomplishing this. .

Before the end of the year the X-5, powered by an
Allison J-35 engine, was flying supersonically. Among
other studies, it was used to investigate the change
in gust response with large differences in sweep. When
flown with 59° of sweep, the airplane showed con-
siderably less response to gusts than when flown with
20° of sweep. In fact, although lateral stability de-
teriorated as expected with the extreme angle of sweep,
pilots could fly it with 59° of sweep under atmospherie
conditions that were impossible with 20°. The air-
plane was simple to maintain and easy to fly. The
X-5 program never was spectacular but the airplane
proved itself a most useful research vehicle.

In 1952 the research airplane program was broadened
to include flight studies with the XF¥F-92A. Convair
built this model to acquire experience with the delta-
wing configuration prior to design of the F-102. The
XF--92A originally was powered by an Allison J-33.
turbojet; modified to use an afterburner, it was capable
of transonic performance. The NACA cooperated
with the Air Force in evaluating the airplane, which
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work yielded some of the first full-scale information
about drag of delta-wing designs. Detailed measure-
ments were made of pressure distributions over the
aircraft surfaces.

Perhaps most important among test results was the
evaluation of pitch-up characteristics of the delta-
wing, which proved unlike those of the other research
airplanes. In flight at Edwards and in NACA wind
tunnels, the XF-92A program concentrated on prob-
lems of pitch-up and lateral stability, resulting in an
arrangement of wing fences which gave satisfactory
flicht characteristics later on the ¥F-102.

A ‘“by-product” of the research-airplane program
was the cooperative effort in 1952 by the Air Force,
Northrop, and the NACA to determine the cause of a
series of structural failures in the F-89. It was be-
lieved the wings might be under strength because
loadings encountered in flight were higher than stress-
analysis estimates. The NACA Station had large
experience in the art and science of flight measurement
of aerodynamic loads by strain gauges. NACA
scientists were assigned temporarily to the Edwards
Northrop facility to direct installation and calibration
of strain gauges, and reduction and analysis of data to
determine the validity of beliefs. Omnce this work was
done and remedies were applied, the F-89 structural
failures ended.

From 1950 to 1953 the NACA Station continued to
grow, but slowly, reaching 222 employees in early 1953.
Additional temporary structures were erected and other
temporary buildings were obtained from the Air Force.
The result was an operation spread over a greater part
of the east end of Edwards AFB. Meantime, beginning
in 1951, the USAF master plan for enlargement of the
Base was approved, and construction of large, perm-
anent structures began. At about the same time, it
became apparent the NACA flight research operation
at Edwards would be continued indefinitely. A per-
manent facility was requested and approved by the
Congress, with appropriations voted for the fiscal year
1952. The Air Force leased 175 acres of land to
NACA, and in 1953 NACA began construction of a
large, single building to include hanger space, instru-
mentation facilities, shops and offices.

In 1953, the High-Speed Flight Research Station
obtained a Boeing B-47 for study of the problems
peculiar to an airplane with a high degree of structural
flexibility. It was desired especially to investigate
aeroelastic effects on the loading encountered by this
airplane in flight and its stability and control charac-
teristics. The test program was conducted in coop-
eration with the Langley and Ames Aeronautical
Laboratories. This long-term program, now com-
pleted, has provided valuable information about the
effects of the flexing of the wing, fuselage, and tail
group upon the characteristics of an airplane. At
present the B—47 is being used in a program to measure
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accurately the noise created by a large turbojet-
powered airplane and the several sources of noise.
It is hoped the research results will aid efforts to quiet
the jet transports which will soon be put into commer-
cial service in the United States.

Flight tests of the Douglas X-3, powered by two
Westinghouse J—34 turbojet engines, began in 1953.
The Air Force sponsored airplane was delivered the
following year to the NACA. This research craft,
because of development difficulties with more advanced
engines, never reached the desired performance goals.

Nevertheless, its layout (a very thin, straight wing
mounted on a long fuselage in which most of the weight
was concentrated along the centerline) generally
represented the design thinking about high-perform-
ance tactical aircraft of the future. As such, the X-3
was of considerable interest, especially in the field of
airplane dynamics, and much valuable information
was obtained in flights reaching into the low super-
sonic range.

It was in the X-3 that the frightening phenomenon,
now known generally as inertia coupling, was first
experienced. Inertia coupling, characterized by large
divergent motions of the airplane in rapid aileron rolls,
was determined to result from high rates of rolling
and from the concentration of the weight of the air-
plane within the fuselage and on a great length.

Work to analyze and understand the problem was
just getting well under way in mid-1954, when an
NACA aeronautical research pilot experienced the
inertia coupling in a North American F-100 Super
Sabre. During preliminary tests the airplane exhibited
strange behavior in rapid aileron rolling maneuvers,
resulting in large divergencies in yaw and pitch that
could be both destructive to the airplane and, to say
the least, extremely disconcerting to the pilot.

The F-100 was just going into Air Force service,
where the phenomenon likewise was encountered
Several airplanes were lost and the F-100 was grounded
until a solution to the problem could be found. Fol-
lowing intensive cooperative action by the Air Force,
North American Aviation, Inc., and the NACA, a
joint flight test program was undertaken. Fortunately,
both improved understanding of the phenomenon and
a practical solution were soon determined. By en-
larging the vertical tail of the airplane and performing
other seemingly minor modifications, the airplane was
“cured” of its troubles and soon returned to full service.

In 1954, when the new quarters for the NACA at
Edwards were completed and occupied, the name of
the unit was changed to High Speed Flight Station.
At the same time it was raised to independent status,
directly under NACA Headquarters instead of reporting
to the Langley Laboratory. Additions to the staff
since have increased its total complement to 300.

Research on problems of delta-wing airplanes con-
tinued with the acquisition in the fall of 1954 of the
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Convair YF-102. Flight measurements of lift and
drag with this aircraft were especially useful in corrobo-
rating wind-tunnel data on Richard T. Whitcomb’s
area rule. These data indicated that the Whitcomb
principle would be valuable when applied to the
Convair airplane. A study also was made of the
inertia-coupling characteristics and, on the basis of
information about the delta wing, together with data
from the F-100 and X-3 designs, the manufacturer
was enabled to free the production F-102A of inertia-
coupling troubles. More recently, the High Speed
Flight Station has received an F-102A. This model
permits extension of flight research with delta-wing
airplanes into the supersonic range.

Looking back for a moment, the X-1A, carrying a
larger store of rocket fuel than the original X-1, under-
went contractor trials in 1952-53. This program was
climaxed December 12, 1953 when Maj. Yeager
reached a Mach number of 2.5, approximately 1,650
mph. Military pilots later flew it to altitudes as high
as 90,000 feet.

In 1954, both the X-1A and the X-1B (specially
instrumented for full scale aerodynamic-heating re-
search in flight) were delivered to the NACA. The
first, of these was lost in 1955 when, in the course of air
launching from the B-29 mother ship, an explosion
caused serious structural damage to the X-1A. TUnable
to jettison fuel, the crew found it necessary to release
the research plane and let if fall to earth. Fortunately
there was no injury to personnel—due in no small part
to the heroism of the flight crews.

Among the newer airplanes now being used at the
Station is the Lockheed XF-104A, which is capable of
speeds near a Mach number of 2.0. This airplane will
offer the opportunity to study inlet problems or
problems of air-breathing engines, as well as problems
associated with sustained high supersonic speeds,
including aerodynamic heating, supersonic speed sta-
bility, and related subjects.

Another of the X-1 series, the “E’” model, was
modified from one of the original X-1’s. It incor-
porates a 4-percent-thick wing and a new propellant
and tankage system. The X-1E is being used to study
problems of very thin wings (proportionally about as
thin as a razor blade) at high supersonic speeds and
altitudes.
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In 1956, following more than a decade of development
effort, the Bell X-2 became operational. Made of
stainless steel and Monel metal, it was designed for
study of aerodynamic heating at speeds near, if not
above, a Mach number of 3.0. Because of fabrication
difficulties inevitable with new materials and techniques,
and even more, because of problems of developing
satisfactory throttling apparatus for the Curtiss-Wright
rocket engine, the airplane was delivered several years
late.

Late in the spring, Col. Frank Everest, USAF, flew
the X2 to a new speed record and soon after, Maj.
Iven Kincheloe climbed to a higher altitude than ever
previously reached by man. In one of the last flights
scheduled in the Air Force performance program, Capt.
Milburn G. Apt was killed.

The tragic loss of the Bell X-2 inevitably will slow
the rate of full-scale research on aerodynamic-heating
problems, but both the X-1B and X-1E are being used
profitably in this program. The first of these airplanes,
instrumented with some 500 thermocouples to permit
detailed evaluation of the heating problem, can be
flown at speeds above a Mach number of 2.0. The
thin-wing X-1E, with its increased fuel supply, can
fly above & Mach number of 2.0 for a somewhat longer
time.

How serious the aerodynamic-heating problem
already has become may be seen from the fact that at
sustained speed in the Mach number 2.0 range a
temperature rise of as much as 300° F may be expe-
rienced. Further, the temperature due to aerodynamic
heating rises as the square of the velocity: at a Mach
number of 3.0 the temperature rise during sustained
flight would be about 660° F.

Also planned for use in study of such problems as
aerodynamic heating and stability and control at high
altitude, and now under construction, is the X-15.
North American Aviation, Inc., is the contractor, and
the Air Force the sponsoring service. As with previous
research airplanes, the NACA is an active partner,
participating fully in the grave decisions implicit in
design and construction of an airplane of new concept
that is intended to fly still faster and higher than man
has attempted. Because of the loss of the X-2, the
need for earliest possible completion of this project has
become imperative.

AERODYNAMIC RESEARCH

Man'’s efforts to fly faster and higher have never
before been so intense, and success is dependent upon
gaining a greater knowledge and understanding of
the fundamental problems of fluid mechanics of super-
sonic and hypersonic flows along with other factors
affecting aircraft performance, stability, and control.
Hence a major portion of NACA research has been

devoted to experimental and theoretical aerodynamic
investigations. In addition to many studies of gener-
alized aircraft configurations, programs have been
undertaken at the request of the military services to
assist in the development of specific military airplanes
or missiles. Such studies uncover problems which lead
to general research programs. In the past year, for
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- example, considerable effort has been expended on the
methods of eliminating the decrease in directional
stability associated with increasing Mach number and
angle of attack, which is a serious problem in the design
of high-speed airplanes.’

Aerodynamic problems of the long-range ballistic
missile, such as aerodynamic heating, dynamic stability,
and the determination of optimum shapes for reentering
the earth’s atmosphere, have also become increasingly
important.

The results obtained from flight programs on research
airplanes undertaken at the NACA High-Speed Flight
Station are of considerable value for future airplane
designs. Flight programs conducted on current service
airplanes by the various laboratory flight groups are
also of special value to the services and their contrac-
tors. The results often lead to the development of
more advanced airplanes and, in particular, aid in
obtaining satisfactory flying qualities.

Continued assistance has been given the NACA in
planning and conducting its aerodynamic research
programs by the Committee on Aerodynamics and its
technical Subcommittees on Fluid Mechanics, High-
Speed Aerodynamics, Internal Flow, Propellers for
Aircraft, Seaplanes, and Helicopters. In order to
handle the large field formerly covered by the Sub-
committee on Stability and Control more effectively,
two new subcommittees were formed during the year:
The Subcommittee on Aerodynamic Stability and Con-
trol and the Subcommittee on Automatic Stabilization
and Control.

As in previous years, dissemination of important new
serodynamic research results by means of a special
NACA conference was found to be effective. The
conference, attended by representatives of the military
services and many of their contractors, was concerned
with the aerodynamic problems of high-speed aircraft.

Some of the recent unclassified studies conducted by
the NACA in the field of aerodynamics are described
in the following paragraphs.

FLUID MECHANICS
Boundary-Layer Research

The importance of obtaining extensive regions of
laminar flow on all surfaces during high-speed flight
stems from the benefits of reduced heat transfer,
equilibrium temperatures, and skin friction. The
Reynolds number for transition at a Mach number of
6.9 was found in the Langley 11-inch hypersonic
tunnel. The test model was a hollow cylinder and
measurements were made on its outside surface with
heat transfer from the boundary layer to the wall.
The boundary-layer nature was determined from
impact-pressure surveys. As reported in Technical
Note 3546, the data obtained at a Reynolds number of

0.34< 10° per inch in & portion of the nozzle which had a
small Mach number variation show that the transition
Reynolds number occurred between 4<10° and 6 108.
When the cylinder protruded into a region of the nozzle
where a considerable negative pressure gradient existed,
the Reynolds number for transition approached 83108
for one set of data. At a Reynolds number of 0.26 <108
per inch, the Reynolds number for transition varied
from about 4X10% to 4.5X10°%. From a correlation
of results obtained at lower supersonic Mach numbers
(Mach numbers from 2.0 to 4.5), leading-edge thick-
ness and free-stream Reynolds number per inch appear
important in determining flat-plate transition. Re-
sults from various research facilities would not appear
to be comparable unless these factors are taken into
account. At a given Mach number the Reynolds
number based on leading-edge thickness appears to be
a significant parameter and should be considered
in comparisons of flat-plate or hollow-cylinder boundary
layer-transition data obtained from various research
facilities.

A number of the factors that presumably affect
boundary-layer transition have been investigated at
the Lewis Laboratory. The effects on transition of
heating and cooling the surfaces of cone-cylinder and
parabolic-nose-cylinder models are reported in Tech-
nical Note 3562. Cooling the cone-cylinder model to
a ratio of wall to free-stream static temperature of
approximately 1.4 increased the transition Reynolds
number from about 2.0X10° to 10.6X10° at equi-
librium. For temperature ratios less than 1.4, the
boundary-layer flow was laminar over the entire model.

For the parabolic-nosed body, the boundary-
layer-transition Reynolds number was about twice
that of the cone-cylinder model over the temperature
range investigated.

Another factor considered was the effect of leading-
edge geometry on transition position, recovery-factor
distribution, boundary-layer profile, and the roughness
required to induce transition. Results of the investi-
gation conducted at Mach 3.1 with a hollow cylinder
alined with the air stream are reported in Technical
Note 3659. A large downstream displacement of the
transition point and an increase in recovery factor were
noted when a sharp leading edge was blunted very
shightly. These effects may be attributed to the forma-
tion of an inviscid shear layer near the surface which
was caused by the curvature of the leading-edge shock.
The boundary layer thus develops in a region of lower
Mach number which exists within this shock-produced
shear layer. The delay in transition is predominantly
an effect of a Reynolds number reduction within the
reduced velocity region of the inviscid shear layer. A
still larger downstream displacement of the transition
point was observed for an externally beveled leading
edge.
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Much work has been done to determine the transition
point on bodies of revolution and unswept surfaces at
zero angle of attack. For supersonic configurations,
however swept wings operating at angles of attack are
common, and questions about the effects of sweep and
angle of attack on boundary-layer transition arise.
Very little theoretical or experimental work has been
done on these problems at supersonic speeds.

An experimental investigation was therefore con-
ducted at the Langley Laboratory to determine the
effects of leading-edge sweep, angle of attack, and
leading-edge thickness on boundary-layer transition
of flat-plate wings at & Mach number of 4.04. The data
presented in Technical Note 3473 show that transition
always occurred along a front parallel to the leading
edge of the wing. Increasing the leading-edge sweep
angle or increasing the angle of attack between the
undisturbed air stream and the wing surface caused
the transition line to move closer to the wing leading
edge and generally decreased the Reynolds number at
which transition occurred. An increase in leading-edge
thickness from 0.25 mil to 6 mils caused large increases
in the local Reynolds numbers at which transition
occurs for a flat-plate wing with an unswept leading
edge. On wings with 45° and 60° leading-edge sweep,
however, an increase in the leading-edge thickness had
no apparent effect on the local normal transition
Reynolds number. For small angles of leading-edge
sweep, the favorable pressure gradient due to the
curved profile of the NACA 65A004 airfoil section
produced longer lengths of laminar flow than were
obtained on the flat-plate section. For larger sweep
angles, the destabilizing effect of the curved streamline
outside the boundary layer caused transition to occur
earlier than on the flat plate.

Until recently, studies of unsteady laminar boundary
layers were limited to either the early stages of the
motion (i. e., the transient state) or oscillatory motions
without a mean flow. The fluid, furthermore, was
assumed to be incompressible. It was felt that the
boundary-layer growth occurred in so short a period of
time that, for engineering purposes, the flow could be
assumed to be steady. However, in many present-day
applications, consideration must be given to the un-
steady flow effects for long time periods and to high-
speed flows in which compressibility becomes important.
For example, the skin friction and heat transfer of a
rocket missile varies over its entire flight because of the
unsteady flow caused by the varying flight speed
throughout its trajectory. Blades rotating in non-
uniform air streams, unsteady nozzle flow, and oscillat-
ing wings are some of the other important cases.

The results of a study at the Lewis Laboratory con-
cerned with such unsteady flow are given in Technical
Note 3569. In this paper, consideration is given to the
laminar compressible boundary layer and heat transfer
over a semi-infinite flat plate. The plate was main-
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tained at a uniform (both temporally and spatially)
temperature and moved with a continuous but other-
wise arbitrary time-dependent velocity. The solutions
were obtained as a series about the quasi-steady state.

The lack of knowledge about the proper definition of
an “‘origin,” that is, of an absolute streamwise Reynolds
number scale of a turbulent boundary layer, makes it
difficult to find a satisfactory way of comparing skin-.
friction coefficients of low- and high-speed turbulent
boundary layers.

This problem, which is of major importance at some
Reynolds numbers, is discussed in Technical Note 3486.
The report describes the design and construction of a
floating-element skin-friction balance. This instru-
ment, which is similar to Dhawan’s balance, measured
the local skin friction in the turbulent boundary layer
of a smooth flat plate at high-subsonic Mach numbers
and supersonic Mach numbers up to 1.75. The
measured skin-friction coefficients are consistent with
the results of other investigations at subsonic and
supersonic speeds. The principal difficulties in com-
paring skin-friction coefficients at various Mach num-
bers are discussed. The study was conducted by the
Guggenheim Aeronautical Laboratory of the California
Institute of Technology under the sponsorship of the
NACA.

In recent years the phenomena associated with
shock-induced separation of the boundary layer have
received increased attention because of the important
influence that separation may have upon the overall
aerodynamic characteristics of complete aircraft con-
figurations by affecting the performance of individual
components. A study has been made at the Langley
Laboratory of some recent contributions to the problem
of shock-induced boundary-layer separation. Analyt-
ical and experimental results of this study are pre-
sented in Technical Note 3601. The probable ranges
within which the pressure rise and flow deflections
associated with separation may be expected to lie are
shown. Consideration is given to the effects of Mach
number, adverse pressure gradients, and Reynolds
number for laminar boundary layers, and to the effects
of Mach number, Reynolds number, and ratio of
specific heat, for turbulent boundary layers.

The results of a study at the Lewis Laboratory of the
boundary layer behind a shock wave advancing into a
stationary fluid are presented in Technical Note 3712.
In this study, the laminar-boundary-layer problem,
except for the weak wave case (which can be solved
analytically), was solved by numerical integration.
Integral (Ké4rmén-Pohlhausen type) solutions were
obtained to provide a guide for determining expressions
which accurately represent the numerical data. Ana-
lytical expressions for various boundary-layer param-
eters are presented and these agree with the numerical
integrations to within 1 percent. The turbulent-
boundary-layer problem was solved by using integral
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methods similar to those employed for the solution of
turbulent compressible flow over a semi-infinite flat
plate. The fluid velocity, relative to the wall, was
assumed to have a seventh-power profile. A form of
the Blasius equation which accounted for compressi-
bility and related turbulent skin friction and boundary-
layer thickness was utilized.

In flows which are suddenly accelerated in a shock
tube, departures of the real fluid from results predicted
by both the nonviscous-unsteady-flow theory and the
viscous steady-flow theory occur. The effect of skin
friction has been studied at the Langley Laboratory
by artificially increasing the friction by using surface
roughness, which created very thick boundary layers.
Measurements of the unsteady-flow turbulent-bound-
ary-layer characteristics were made using a new
technique involving study of the shape of the bow wave
from a bullet fired through the flow. The boundary-
layer-thickness measurements agreed well with both
steady-flow experiments and theory. The measured
unsteady-flow velocity profiles were considerably less
full than the steady-flow theoretical profiles but agreed
with some of the steady-flow data. Shock-attenuation
measurements were also made and agreed with the
results of simple theory at small values of boundary-
layer-displacement thickness but were much lower than
theoretical results at large values. Results of this
study are presented in Technical Note 3627.

Heat Transfer

Aerodynamic heating in supersonic flight has long
been recognized as a major problem in the design of
supersonic aircraft, and experimental heat-transfer
data for high Mach numbers and Reynolds numbers
are in great demand. Except for some work done on
the V-2 rocket, most of the convective heat-transfer
work has been done in wind tunnels under steady-state
conditions. In Technical Note 3623 results are pre-
sented for the transient conditions encountered along
the trajectory of two parabolic bodies of revolution as
obtained in free flight at the Langley Pilotless Aircraft
Research Division. The tests covered Mach numbers
from 1.02 to 2.48 and Reynolds numbers from 3X10°
to 164X10% The experimental heat-transfer coeffi-
cient values obtained are about 15 percent higher than
those measured in other tests on a V-2 research missile
and approximate the values given by subsonic flat-plate
theory with a Reynolds number analogy factor of 0.6.

In order to extend the Mach number range of previ-
ous studies of heat transfer over hemisphere cylinders,
an investigation was conducted in the Langley 11-inch
hypersonic tunnel at a Mach number of 6.8 and
Reynolds numbers from approximately 1.09X10° to
1.03X10°% based on diameter and free-stream conditions.
In this investigation the boundary layer was laminar
and had average T,/T values of about 7 at the nose
and about 6 on the cylinder (7, is the local free-stream
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temperature just outside the boundary layer and T
is the free-stream temperature ahead of the normal
shock). The investigation utilized data from transient
nonisothermal temperature distributions since, at the
high-temperature levels involved, an isothermal surface
is difficult to obtain. The data presented in Technical
Note 3706 have been correlated with theoretical anal-
yses and the results of other experiments obtained at
lower Mach numbers. The experimental heat-transfer
coefficients from this investigation were slightly less
over the whole body than those predicted by the theory
of Stine and Wanlass for an isothermal surface. A
modification of Sibulkin’s stagnation-point solution
gave the trend of the local Stanton number with local
Reynolds number for angles up to 45° from the stagna-
tion point. The calculated values, however, were
approximately 12 percent higher than the experimental
values.

Pitot profiles taken in this study at & Mach number of
6.8 verify that the local Mach number or velocity out-
side the boundary layer, required in the use of theory,
may be computed from the surface pressures by using
isentropic flow relations and conditions behind & normal
shock. The experimental pressure distribution at a
Mach number of 6.8 is closely predicted by the modified
Newtonian theory. The velocity gradients calculated
by using the modified Newtonian theory at the stagna-
tion point vary with Mach number and are in good
agreement with those obtained from measured pressures
for Mach numbers from 1.2 to 6.8.

At the stagnation point a second modification of the
theory of Sibulkin using the diameter and condition
behind the normal shock was in good agreement with
experiment when the velocity gradient at the stagnation
point appropriate to the free-stream Mach number
was used.

Engineering information relative to the heat-transfer
coefficient and temperature recovery factor is required
over a wide range of Mach numbers and Reynolds num-
bers. Such information is especially important in the
computation of aerodynamic heating. A project is
under way at the Langley Laboratory to obtain such
information for the zero-pressure-gradient, two-dimen-
sional case with turbulent flow for values of Reynolds
number from about 1X10° to 1X10%. Previously, data
have been published at Mach numbers of 1.62, 2.06, and
3.03. In the past year the range has been extended
with results for a Mach number of 0.87 published in
Technical Note 3599. The heat-transfer coefficients
and recovery factors determined in this study are in
fairly good agreement with the theoretical predictions of
Van Driest throughout the investigated range of Mach
numbers and Reynolds numbers.

An interesting natural convection problem is that
concerning the thermally unstable configuration ob-
tained when a fluid is heated from below. The effects
of frictional heating and beat sources on this phenome-



14

pon, as determined from a study at the Lewis Labora-~
tory, are reported in Technical Note 3458. In this
study, the effects of heat sources and frictional heating
on the laminar fully developed channel flow subject to
a body force between two parallel plates oriented in the

direction of the body force are analyzed. Solutions:

are obtained for combined forced- and natural-convec-
tion flows for the cases in which the wall temperature
variations are linear and (1) the wall temperatures are
specified, (2) the walls are insulated, and (3) the net
mass flow in the channel is zero. These solutions
depend on the Rayleigh number which was previously
found to be the factor determining the stability and
type of flow for horizontal and vertical layers of fluids
heated from below but without heat sources or fric-
tional heating. Similar stability characteristics were
displayed in this study, and the heat sources affect the
flows only in a quantitative manner.

The cooling of aerodynamically heated surfaces has
gained attention in connection with rocket walls, turbine
blades, and high-speed flow over aircraft surfaces. A
promising means of cooling such surfaces appears to be
transpiration or sweat cooling, & method in which the
surface is made porous and & comparatively small
quantity of cool fluid per unit time is injected through
the pores into the main stream. Separation may be of
particular interest in connection with flow over a
transpiration-cooled surface because a normal mass
flow strongly tends to promote separation by moving
the separation point upstream. On the other hand,
cooling of the wall tends, by itself, to delay separation
by moving the separation point downstream.

In order to determine the actual net effect of simul-
taneous normal mass flow and cooling of the wall on
conditions of separation over a sweat-cooled surface, a
theoretical analysis of laminar separation in compres-
sible flow over a transpiration-cooled surface maintained
at a uniform wall temperature has been made at the
Polytechnic Institute of Brooklyn under NACA spon-
sorship. In Technical Note 3559 a simple method of
calculating the separation point over such surfaces for
a given adverse pressure gradient, Mach number, wall
temperature, and uniform coolant temperature is de-
veloped. This method is expected to be sufficiently
accurate for most purposes. To show the effects of
these parameters on the separation point a numerical
example is worked out in detail. The normal mass
flow was found to have a predominate effect on the
separation-point location, since separation over a trans-
piration-cooled wall occurs upstream of the separation
point location of a heat-insulated wall without normal
mass flow at the same adverse pressure gradient and
Mach number.

Gas Dynamics

The calculation of flows about objects, primarily
missiles, traveling at high supersonic speeds is a matter
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of great practical interest. . These calculations are diffi-
cult because at high supersonic speeds the disturbance
velocities are not necessarily small compared with the
velocity of sound, nor are entropy gradients necessarily
negligible in the disturbed flow field about a body, even
though it may be of normal slenderness. Thus, for
example, the simple linear theory, which is valuable in
studying flows at low supersonic speeds, loses much of
its utility in the study of high-supersonic-speed flows.

A procedure has been developed at the Ames Labora-
tory for calculating three-dimensional steady and non-
steady supersonic flows using the method of character-
istics. An approximate method was deduced and shown
to be of practical value for pointed bodies of revolution
at high supersonic speeds. In the application of the
approximate method, flow at the vertex is analyzed
using a generalized Prandtl-Meyer expansion theory.
Surface pressures and bow shock waves for inclined
ogives determined by using the approximate method
were compared with experimental results obtained at
Mach numbers from 3 to 6.3. Theoretical predictions
and experimental results are in good agreement for
values of the hypersonic similarity parameter greater
than about 1. It was also found that the concept of
two-dimensionality in inviscid hypersonic flows has a
counterpart in hypersonic boundary-layer flows. From
this result, a unified two-dimensional approach to three-
dimensional hypersonic flows was developed. The
results of this investigation are presented in Report
1249,

The application of this theory to bodies traveling at
large Mach numbers is often limited, however, by the
restriction that the maximum slope of the body must be
less than the slope of a free-stream Mach line. The
applicability of the generalized shock-expansion method
and that of the second-order potential theory do not
always overlap, and there remain flows at certain com-
binations of Mach number and body shape which can-
not be treated by either theory. Normally, these inter-
mediate flows are encountered when the hypersonic sim-
ilarity parameter based on nose fineness ratio is in the
neighborhood of 1.

Since this is a range of practical interest, a new
second-order shock-expansion method has been devel-
oped at the Ames Laboratory. This method applies
to flows about bodies of revolution characterized by
values of the hypersonic similarity parameter near 1
(i. e., the ratio of free-stream Mach number to body
fineness ratio). The method has been applied to the
calculation of pressure distribution, normal-force curve
slope, and center-of-pressure position on bodies of revo-
lution at zero lift. An experimental investigation was
conducted in the Ames 10- by 14-inch supersonic wind
tunnel to assess the accuracy of the method. Cone-
cylinder and ogive-cylinder bodies with fineness ratios
from 3 to 17 were tested at Mach numbers from 3.0 to
6.3 to determine normal-force-curve slope and center-
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of-pressure position at zero lift. The theoretical method
predicts these aerodynamic characteristics within the
accuracy of the experimental results throughout the
range of test variables investigated. The results of this
investigation are reported in Technical Note 3527.

A method based upon the theory of characteristics
has been developed at the Langley Laboratory to com-
pute the contour of a body of revolution for a pre-
scribed pressure distribution at isupersonc speeds. The
design of such a body would be useful in the investiga-
tion of many aerodynamic problems such as those
associated with body-wing interaction, inlets, boundary-
layer transition, separation, and shock-wave inter-
action. The evaluation of the flow properties at any
point along the surface of the body is determined by an
iteration process. This method, described in Technical
Note 3555, was used to compute the contour of a body
with a constant pressure gradient. This pressure dis-
tribution was chosen because the theoretical approach
to the transition problem indicated that a constant
pressure gradient would be desirable for certain experi-
mental studies. A model was constructed and tested
at Mach numbers of 3.05 and 3.13. Excellent agree-
ment with the computed distribution was obtained.

Even when the compressible-flow equations can be
solved precisely in a particular case, the numerical
computation is usually laborious. If it becomes neces-
sary to extend the calculations to related and perhaps
more complicated cases, it is often desirable, or neces-
sary to resort to approximate solutions. In Technical
Note 3485, it is shown that the streamlines near an
unyawed circular cone with an attached shock wave are,
to a first approximation, portions of hyperbolas. This
result is used as a basis for the development of an
approximate solution for the cone in which the shock-
wave orientation and the flow field behind the shock
wave are given explicitly in terms of the free-stream
Mach number, the vertex angle of the body cone, and
the ratio of specific heats of the gas. The possible
application of a part of this solution to the analysis of
real-gas effects on the high-speed flow over a cone is
discussed.

One of the transonic flow problems of interest is that
of a double-wedge airfoil in slightly supersonic flow.
Previous experimental work has provided a detailed
description of the flow characteristics for nonlifting
wedges. The data for lifting wedges, however, are far
less complete. Measurements were, therefore, made
at the Langley Gas Dynamics Laboratory of the flow
around two wedges at Mach numbers of 1.30 and 1.41
by means of a Mach-Zehnder interferometer for various
angles of attack up to 5°. The results presented in
Technical Note 3626 show that pressure distributions for
different Mach numbers on wedges of different thickness
are similar at the same values of transonic similarity
parameter and reduced angle of attack for angles of
attack as large as the thickness ratio, that the lift-curve
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slope is nearly independent of the angle of attack for
angles of attack from —2° to 2°, and that, for the air-
foils tested at Mach numbers greater than the attach-
ment value, the center-of-pressure location is nearly
independent of the angle of attack.

The problem of determining the shape of slender boat-
tail bodies of revolution for minimum wave drag has
been reexamined. In Technical Note 3478 it is shown
that minimum solutions for Ward’s slender-body drag
equation can exist only for the restricted class of bodies
for which the rate of change of cross-sectional area at
the base is zero. In order to eliminate this restriction,
certain higher order terms must be retained in the drag
equation and isoperimetric relations. The minimum
problem for the isoperimetric conditions of given length,
volume, and base area is treated as an example. Ac-
cording to Ward’s drag equation, the resulting body
shapes have slightly less drag than those determined
by previous investigators.

If especially advantageous arrangements for super-
sonic aircraft are not to be overlooked it becomes neces-
sary to study completely general or arbitrary arrange-
ments of airfoils and bodies in three-dimensional space.
In Technical Note 3530 the problem of minimizing the
wave drag for a given total volume and a given total
lift is discussed. The volume and lift may be carried
by any number of slender bodies or thin airfoils, but to
make the problem definite, they are confined to the
interior of a given fixed region which may outline the
maximum permissible dimensions of the aircraft.

In a related study, reported in Technical Note 3667,
several variations involving optimum wing and body
combinations having minimum wave drags are analyzed
for different geometrical restraints. Particular attention
is paid to the effect on the wave drag of shortening the
fuselage and, for slender axially symmetric bodies, the
effect of fixing the fuselage diameter at several points
or even of fixing portions of its shape.

A great deal of effort is presently being expended in
correlating the zero-lift drag rise of wing-body combi-
nations on the basis of their streamwise distribution of
cross-section area. This work is based on the discovery
of the concept, known as the transonic area rule, that
“near the speed of sound, the zero-lift drag rise of thin
low-aspect-ratio wing-body combinations is primarily
dependent on the axial distribution of cross-sectional
area normasl to the airstream.” Since an accurate pre-
diction of drag is vital to the designer and since the use
of such a simple rule is appealing, it is very important
to investigate the applicability of the rule to the widest
variety of shapes of aerodynamic interest. Some in-
sight into the applicable range of the transonic area
rule has been gained in a study at the Ames Laboratory
comparing it with the appropriate similarity rule of
transonic-flow theory and its results with available ex-
perimental data for a large family of rectangular wings
having NACA 63AXXX profiles. In spite of the small
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number of geometric variables available for such a fam-
ily, the range is sufficient to include cases both compat-
ible and incompatible with the area rule. A résumé of
the study is given in Technical Note 3673.

The precise experimental determination of the struc-
ture and thickness of the normal shock wave is of
fundamental interest in the study of gas dynamics be-
cause it does much to define the usefulness of the Navier-
Stokes equations, or of alternative equations, for pre-
dicting the behavior of a nonuniform gas. In addition,
observations of the nature of the shock wave shed con-
siderable light on the magnitude and character of so-
called ‘“relaxation effects” associated with the finite
time required to obtain equipartition of energy among
the translational and internal motions of a polyatomic
molecule.

To provide additional information, the profiles and
thicknesses of normal shock waves of moderate strength
have been determined experimentally at the Univer-
sity of California under the sponsorship of the NACA
in terms of the variation of the equilibrium temperature
of an insulated transverse cylinder in free-molecule flow.
Steady-state shock waves were produced in the jet of
a low-density wind tunnel at initial Mach numbers of
1.72 and 1.82 in helium and 1.78, 1.85, 1.90, 1.98, 3.70,
and 3.91 in air. The shock thickness, determined from
the maximum slope of the cylinder temperature profile,
varied from 3% to 5 times the length of the Maxwell
mean free path in the supersonic stream. A comparison
between the experimental shock profiles and various
theoretical predictions leads to the tentative conclu-
sions that: (1) The Navier-Stokes equations are ade-
quate for the description of the shock transition for
initial Mach numbers up to 2, and (2) the effects of
rotational relaxation times in air can be accounted for
by the introduction of a ‘“‘second” or ‘“bulk” viscosity
coefficient equal to about two-thirds of the ordinary
shear viscosity.

The results of a study conducted at Jowa State
College under the sponsorship of the NACA in which
the relaxation times for the excitation of molecular
vibrations in a number of heavy gases were measured
with an acoustic interferometer are reported in Tech-
nical Note 3558. All the gases studied were found to
have a single relaxation time, indicating that intermodal
coupling in these gases is strong. Only binary collisions
were found to be important in the excitation of vibra-
tions. The probability, in a given collision, of exciting
or deexciting molecular vibrations in the halogen-
substituted methanes appears to depend upon the rela-
tive energy of approach of the colliding molecules
rather than upon the relative velocity. The excitation
of vibrations in polyatomic gases may involve the
formation of a complex molecule with a very short life.

The shock waves produced during flight at higher
hypersonic speeds result in air temperatures high
enough to cause at least a partial dissociation of the
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air molecules. This dissociation has some effect on the
rate of aerodynamic heating. Since dissociation occurs
at a finite rate, a thorough understanding of aero-
dynamic heating requires information on the rate of
dissociation. In Technical Note 3634, the collision-
theory equation for rate of dissociation has been applied
to the flow behind normal shock waves at Mach num-
bers of 10, 12, and 14 to find the distance required for a
moderately large fraction of the oxygen to dissociate.
This distance was found to vary widely with Mach
number and density from a fraction of & millimeter to
hundreds of meters.

Research Equipment and Techniques

Proper design of wings, flaps, inlets, or wind tunnels
in which area suction is to be used requires accurate
and comprehensive information on the permeability
characteristics of the porous materials involved. In
most instances, the available information on each porous
material was obtained with a single fixed relation be-
tween Mach number and Reynolds number, which is
not sufficient for predicting permeability characteristics
for a range of operating conditions. Experiments per-
formed in the Langley 19-foot pressure tunnel on rolled
wire cloth and sintered bronze showed that the perme-
ability characteristics were affected by absolute pres-
sure, flow choking, and material thickness. This infor-
mation has been presented in Technical Note 3596
together with simple calculation and correlation pro-
cedures for determining permeability characteristics

with reasonable accuracy when experimental data are

limited.

A general investigation is being conducted to de-
termine the relative smoothness of the flows in the
various supersonic facilities of the National Advisory
Committee for Aeronautics. As part of this investiga-
tion, tests have been conducted in the Langley 4- by
4-foot supersonic wind tunnel to determine the transi-
tion Reynolds number for a 10° cone at Mach numbers
of 1.41, 1.61, and 2.01. The results of these tests, given
in Technical Note 3648, indicate that, on the average,
the transition Reynolds numbers for a smooth cone
increased with tunnel stagnation pressure from about
7X10° at a test Reynolds number of 4X10°® per foot to
approximately 8X10% at a test Reynolds number of
93<10° per foot for all test Mach numbers. There was
no effect of Mach number on transition Reynolds num-
ber in the range investigated. The results also indicated
that the transition point was unsteady and tended to
oscillate approximately 410 percent about the mean
value of transition Reynolds number. The values of
transition Reynolds number obtained were higher than
those for any other tunnel for which similar data were
available, which is indicative of a low tunnel turbulence
level and freedom from extraneous flow distrubances.
In addition, it was found that a single-element two-
dimensional surface roughness of one layer of %-inch-
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wide and 0.003-inch-thick cellulose tape caused a larger
decrease in transition Reynolds number than was ex-
perienced in low-speed or in other supersonic wind-
tunnel investigations.

A continuing search is being carried out for techniques
for producing high-stagnation-temperature hypersonic
airstreams. One method involves use of the heat
release given by chemical reactions. Here, the require-
ment is that not only the chemical used must liberate
sufficient heat but also that the products of the reaction
must have as nearly as possible the same flow properties
as air for tunnel flow. Nitrous oxide was found to be
promising for this use. Theory indicates that the
thermal decomposition of nitrous oxide at constant
volume can produce a temperature of 4,050° F and
that the end products consist of two parts of nitrogen
to one part of oxygen, which is reasonably close to the
composition of air.

Preliminary laboratory tests made to verify theory
for both a constant-volume and a constant-pressure
decomposition show, as reported in Technical Note
3624, that a more complete decomposition was obtained
at high-pressure conditions. Pressure up to 1,930
atmospheres was obtained for the constant-volume
process, whereas the constant-pressure process was
operated at 70 atmospheres, and theoretically predicted
temperatures were approached. Decompositions up
to 98 percent complete for the constant-volume process
and 90 percent complete for the constant-pressure
process were obtained. Results of comparison tests
made in a small-scale wind tunnel at Mach numbers
up to about 7 on air and on the products of nitrous
oxide decomposed at constant pressure showed no
significant difference.

In order to simplify the problem of model support for
the measurement of forces at large angles of attack at
high Reynolds numbers and supersonic speeds, nozzles
exhausting directly to the atmosphere are used at the
Langley gas dynamics laboratory. At the higher Mach
numbers the separation of the boundary layer from the
nozzle contours resulted in excessive stagnation pres-
sures being required for establishing supersonic flow in
the test section. An investigation, reported in Techni-
cal Note 3545, was made at Mach numbers of 2.7, 3.0,
3.5, 4.0, and 4.5 to determine the effect of short, fixed,
wedge diffusers on the starting characteristics of these
jets. Wedge diffusers that were extensions of the nozzle
contours reduced the pressure ratios required for start-
ing to less than one-half the values obtained without a
diffuser. Central-body diffusers were not so effective
as wedge extensions of the nozzle contours. With
the wedge extensions of the nozzle contours, the jets
could be started at each test Mach number for values
of diffuser minimum area considerably below the values
predicted by one-dimensional theory. The central-
body diffusers required diffuser minimum area at least
as large as theoretical values.
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A series of wind-tunnel investigations has been con-
ducted to determine the effect of inclination of the air-
stream on the measured pressures of a number of total-
pressure tubes through a wide angle-of-attack range at
subsonie, transonic, and supersonic speeds.

These investigations were conducted to obtain in-
formation which would lead to the design of rigid-type
tubes capable of measuring total pressures correctly
at high angles of attack and at high speeds. The
need for this information has arisen because of the
development of airplanes capable of maneuvering to
high angles of attack at supersonic speeds and because
conventional tubes, both rigid and swiveling, are un-
satisfactory under these conditions. Conventional
rigid tubes, that is, those with hemispherical or ogival
nose shapes, are unsatisfactory because the measured
pressure begins to deviate from the free-stream value at
moderate angles of attack. Swiveling tubes, on the
other hand, are considered undesirable because of
possible structural failure at high speeds. Technical
Note 3641 summarizes these results and presents the
data in a form permitting & more detailed comparison
of the effects of pertinent design variables.

The various tubes studied differed in regard to ex-
ternal shape, internal shape, and type of total-pressure
entry. For simple nonshielded tubes, the best com-
bination of these design variables produced a usable
angle-of-attack range of 4+28° at a Mach number of
0.26. For the more complicated shielded tubes, the
best design produced a usable angle-of-attack range of
+63° at a Mach number of 0.26. The throats of the
shielded tubes were vented through the walls of the
shields, a design feature permitting end-mounting of the
tube on a horizontal boom. There was considerable
effect of Mach number on both unshielded and shielded
tubes. For most of the unshielded tubes, the usable
range increased the Mach number, whereas that of the
shielded tubes decreased with Mach number.

In the description of random fields, the correlation
function is an important tool. An instrument of fairly
simple design for measuring time correlation functions’
of two stationary random electrical signals is discussed
in Technical Note 3682. It is intended primarily for
use in problems connected with aerodynamically pro-
duced acoustic fields but has properties suitable for ap-
plication to a rather wide range of aerodynamic prob-
lems involving turbulent-flow fields. It has been de-
signed and constructed with a view to economy and
simplicity of operation and makes extensive use of the
general statistical properties of the problems for which
it is intended. A few experimentally determined auto-
correlation functions are given in the Technical Note
to indicate the degree of accuracy achieved. The Four-
ier transform of the autocorrelation function of a ran-
dom input is compared with the power spectrum of the
same function. The study was conducted at the Gug-
genheim Aeronautical Laboratory of the California
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Institute of Technology under the sponsorship of the
NACA,

HIGH-SPEED AERODYNAMICS
Airfoils and Wings '

Designers of aircraft and aircraft propellers have re-
peatedly expressed the need for airfoil-section data in
the transonic speed range. Almost all airfoil-section
data in the subsonic speed range have been obtained
from closed-throat tunnels which limited the tests to
Mach numbers less than about 0.9. One method of
extending speed range of two-dimensional experimental
tests is by utilization of the open-jet principle to elim-
inate the choking limitations of closed-throat tunnels.
Tests of a group of related NACA airfoil sections vary-
ing in maximum-thickness location, design lift coeffi-
cient, and thickness distribution have been conducted
" in a two-dimensional, open-throat-type wind tunnel at
Mach numbers from 0.3 to about 1.0 and Reynolds
numbers from 0.7X10® to 1.6X10% The re-
sults of the tests, reported in Technical Note 3607,
indicate that near sonic speeds the maximum normal-
force—drag ratio approaches the low values theoret-
ically determined for a biconvex airfoil in supersonic
flow. Contrary to low-speed results, the maximum
normal-force—drag ratio increased as either the thick-
ness ratio or the camber was decreased. At all Mach
numbers the normal-force coefficient for maximum nor-
mal-force—drag ratio generally increased with increases
in thickness ratio and camber, and also with forward
movement of the position of maximum thickness. The
trends of the data in the highest test Mach number
range indicated that the normal-force-curve slopes of
all airfoils tested are approximately equal at a Mach
number of 1.0, the value being about the same as at
low speeds.

As part of the NACA program to determine the zero-
lift drag characteristics of various wings at supersonic,
transonic, and high-subsonic speeds, the Langley Pilot-
less Aircraft Research Station has conducted tests of a
series of 60° delta wings. These wings had varying air-
foil sections and were mounted on rocket-propelled test
bodies.

The sections investigated were three double-wedge
airfoils of 6-percent-thickness ratio with the position
of maximum thickness at 20, 50, and 80 percent of the
chord, an NACA 65-006 airfoil section, and a double-
wedge 3-percent-thick wing with maximum thickness at
50 percent chord. The results, determined at Mach
numbers from 0.7 to 1.6 and presented in Technical
Note 3650, show that the forward locations of wing
maximum thickness were better from a drag standpoint
and that the thinnest section gave the lowest drag.
Theoretical wing drag compared well with experimental.
In related tests on 6-percent-thick, 2.7-aspect-ratio rec-
tangular wings, varying the section from a circular arc

to a symmetrical diamond section, as reported in Tech-
nical Note 3548, decreased the drag at supersonic speeds
and increased it at high subsonic speeds.

The aerodynamic properties of wedges of infinite
span at Mach numbers near shock attachment have
now been well explored. Information on wedges of
finite span is less extensive. Since three-dimensional
problems are beyond the reach of presently used
transonic theory, knowledge here must come from
experiment. A wind-tunnel study has therefore been
made in the Ames 6- by 6-foot supersonic tunnel of the -
transonic flow over two rectangular wings of double-
wedge section and aspect ratios of 2 and 4. The data
cover the Mach number range from 1.166 to 1.377,
which brackets the theoretical value at which the
shock wave attaches to the leading edge of these
wings at zero angle of attack. The effects of finite
aspect ratio on the section characteristics of a double
wedge were determined by comparing the present
results with previous data for an infinite aspect-ratio
wedge and also with two-dimensional theory for this
shape. '

The pressure-drag coeflicient at zero lift is found to
decrease with decrease in aspect ratio for all values of
the test Mach number. Also, decreasing the aspect
ratio reduces the lift-curve slope. The drag due to
angle of attack is affected by variation of chord forces
as well as normal force.

Theoretical considerations also lead to certain
conclusions regarding wave detachment. In particular,
detachment of a shock wave from a wedge of finite
span occurred at the same free-stream Mach number
as that from a wedge of infinite span. Results of this
investigation are presented in Technical Note 3522.

Recent systematic experimental investigations of
the effects of wing aspect ratio, thickness, and camber
for wings of rectangular plan form at transonic speeds
have provided data ideally suited for correlation by
means of the transonic similarity parameters. Report
1253 indicates that the experimental data -obtained
on a series of 40 wings in the Ames 14-foot wind tun-
nel could be, for the most. part, successfully correlated
throughout the subsonic, transonic, and moderate
supersonic regimes. By proper choice of parameters,
the force and moment data could be presented in a
concise manner effectively displaying the transonic
characteristics of wings of both large and small aspect
ratios. In many instances, it was found possible to
predict from the correlation studies an expected range
of validity for slender-body concepts. It appears that
slender-body theory is adequate at sonic speed for
rectangular wings of symmetrical profile if the product
of the aspect ratio and the % power of the thickness
ratio is less than unity. A study of simple flow com-
pression or expansion at near sonic speeds is also
included. Transonic approximations for the classical
shock polar and for Prandtl-Meyer flow are derived
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and a limit for linearized two-dimensional flow theory
at slightly supersonic speeds is given.

The problem of minimizing the supersonic drag for a
given lift on a fixed plan form has been approached
in several different ways. In Technical Note 3533,
Lagrange’s method of undetermined multipliers, is
applied to the problem. The method indicates that a
constant interference drag exists between the optimum
loading and any other loading at the same lift co-
efficient. This is an integral form of a criterion estab-
lished by Dr. Robert T. Jones. The best combination
of four simple lift loadings on a delta wing with sub-
sonic leading edges is calculated as & numerical example.
The calculations show that the best combination of the
four nonsingular loadings has about the same drag
as a flat plate with full leading-edge thrust.

Recent experiments indicate that airfoil sections
having sharp leading and trailing edges, heretofore
considered good at supersonic speeds, may be inferior
to blunt-trailing-edge airfoils when compared on the
basis of drag-stiffness ratio and when used as control
surfaces. The results of a Langley free-flight rocket-
propelled model investigation of the effect of trailing-
edge thickness on the zero-lift drag for an unswept
wing mounted on an ogive-cylinder body for Mach
numbers from 0.7 to 1.6 are presented in Technical
Note 3550. The basic wing had an aspect ratio of 3.11,
a taper ratio of 0.423, and 4-percent-thick circular-arc
sections. The trailing-edge thicknesses investigated
were 0, %, %, and % of the maximum thickness. It was
found that wing drag increased with trailing-edge
thickness, whereas the trailing-edge base pressures
appeared independent of the thicknesses used. The
calculated wing drag compared favorably with the
experimental.

Results of tests, reported in Technical Note 3548, of
a rectangular wing of aspect ratio 2.7 with 6-percent-
thick diamond sections through the aforementioned
range show that the blunt trailing edge gives the higher
drag because of trailing-edge suction throughout the
test range.

The effects of drooped leading edges on the flow over
delta wings are described in Technical Note 3614.
Vapor-screen, pressure-distribution, and ink-flow tests
were conducted at the Langley Gas Dynamics Labora-
tory on a series of semispan delta wings. The delta
wings had semiapex angles of 15°, 22.5° and 31.75°
and 10 and 20 percent of the semispans drooped 15° in
streamwise sections. The tests were made at a Mach
number of 1.9 and indicate that flow separation oc-
curred on all the wings in the series tested. The sep-
arated regions on the wings with 10 and 20 percent of
the semispans drooped were similar to one another.
Integrated pressure distributions show that, for equal
angles of attack, the loadings on the wings with 20 per-
cent of the semispans drooped were less than those on
the wings with 10 percent of the semispans drooped. In

a general comparison with undrooped delta wings, the
drooped-leading-edge wings show no particular advan-
tage from a standpoint of preventing separation. The
drooped-leading-edge wings had a disadvantage in load-
ing, the loading in some cases being considerably
less than that on the corresponding undrooped wings.

A knowledge of the effectsjof sweep and Mach num-
ber on wing aerodynamic characteristics near maxi-
mum lift is becoming more important as the speeds
and altitudes flown by modern aircraft continue to
increase. High-speed, high-altitude aircraft fly at
rather high lift coefficients and in maneuvers may
reach or exceed the angle of attack for maximum lift
of the aircraft. Since sweptback wings are being used
to delay and to minimize the effects of compressibility
on some aircraft, it is important that the effects of
sweep on the maximum lift coefficient are known.
Considerable data are available for both swept and un-
swept wings up to maximum lift at low Mach numbers,
but only a limited amount is available above a Mach
number of approximately 0.60.

An investigation at transonic speeds was therefore
made in the Langly bigh-speed 7- by 10- foot tunnel to
determine the effect of wing sweep on the maximum-lift
characteristics of a series of wings having aspect ratio
of 4, taper ratio of 0.6, and NACA 65A006 airfoil sec-
tions. The Mach number varied from 0.61 to 1.20.
It was found, as reported in Technical Note 3468, that
the maximum lift coefficients increased with increased
sweep at the lower Mach numbers but decreased with
increased sweep at the higher Mach numbers. This
resulted in less variation of the maximum lift coefficient
with Mach number as the sweep was increased.

Several other studies concerned with the effects of
wing plan form have been reported recently. For
example, an investigation reported in Technical Note
3671 was conducted on the transonic bump of the Ames
16-foot high-speed wind tunnel to determine the effect
of clipping the tips of a triangular wing. Four basic
triangular-wing plan forms having aspeet ratios of
2.0, 2.5, 3.0, and 4.0 were tested. The tips of these
wings were progressively clipped to provide taper
ratios of 0.1, 0.2, 0.3, 0.4, and, in some cases, 0.5.
The NACA 63A004 profile was used with thickness-to-
chord ratios of 0.02, 0.04, and 0.06. Lift, drag, and
pitching-moment data were obtained for Mach num-
bers from 0.60 to 1.10, corresponding to test Reynolds
numbers, from 1.85X10% to 2.90X10%. For aspect
ratios of 2.0 or greater the wings with pointed tips had
lift-curve slopes that were consistently lower than
those for the wings with clipped tips. Values of drag-
rise factor were higher in each case for the wings with
taper ratios of 0 than for any other values of taper
ratio. Generally, the most significant decreases in
drag-rise factor were realized when the taper ratio was
increased from 0 to 0.1. The cambered wings had
consistently lower values of drag-rise factor than the
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uncambered wings. In general, the values of the pitch-
ing-moment curve slope became less negative with
increasing taper ratio. All wings tested exhibited a
characteristic rearward shift of the center of pressure
in going from subsonic to supersonic speeds. In
general, decreasing the taper ratio decreased this
rearward shift of the center of pressure.

In another study the effect of taper ratio on the
zero-lift drag of a sweptback wing has been determined
using rocket-powered models. Theoretical calcula-
tions were made for Mach numbers from 1.2 to 1.8 and
were found to be in good agreement with the experi-
mental data. The results are presented in Technical
Note 3697.

Bodies

The Langley Pilotless Aircraft Research Division has
conducted an investigation to determine the drag of
practical fuselage shapes at transonic and supersonic
speeds. One phase of this program is an investigation
of how changes in nose shape affect the drag of an air-
plane or missile configuration. Linearized theory and
some experimental data have indicated that, for mini-
mum drag at supersonic speeds, the fuselage nose
profile must be of high fineness ratio and tapered to
almost a point at the vertex. It is of particular interest
to determine how far practical designs can deviate from
such profiles without severe reductions in speed and
range.

In Technical Note 3549, drag data obtained during
this study are presented for fin-stabilized bodies of
revolution whose noses, originally pointed with fineness
ratios about of 3%, have been rounded off with radii
equal to Y% the maximum body radii. By comparing
the measured values of drag coefficient based on frontal
area for the blunt- and pointed-nose models, it is found
that, within the accuracy and range of the present
tests, rounding off the sharp noses produced no increase
in the total drag of either configuration.

Considerable interest exists at the present time in the
drag characteristics at supersonic speeds of nonlifting
bodies of revolution designed for minimum wave drag.
One such family of boattail bodies has been investi-
gated previously to assess the effect of Reynolds num-
ber and Mach number upon the wave-drag character-
istics.

In order to find body profiles which have minimum
total drag, the base-pressure drag (if no jet exists at the
body base) and the skin-friction drag must also be con-
sidered. The results of experimental measurements
made in the Langley 9-inch supersonic tunnel, pre-
sented in Technical Note 3708, show that the base
drag and, in general, the total drag, increase with in-
creasing values of the ratio of base area to the max-
imum cross-sectional area B/Spa:. The results also
show that the laminar skin-friction drag is in agree-
ment with the theoretical predictions used, and, within
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the Mach number range of the tests (1.62, 1.93, and
2.41), the simple Blasius incompressible theory gives a
satisfactory prediction. Except for the values of
B/Suax near 1, the transition Reynolds number increases
with increasing Mach number and, as this ratio ap-
proaches 1, the variation reverses. These variations in
Reynolds number of transition with Mach number
appear to be associated with changes in the pressure
gradient over the rear of the bodies.

The shapes of nonlifting bodies of revolution having
minimum pressure drag at supersonic speeds have also
been the subject of numerous theoretical investigations.
In Technical Note 3666, Newtonian impact theory is
used in combination with the calculus of variations to
determine body shapes for minimum pressure drag,
neglecting base drag, at high supersonic airspeeds.
Shapes are determined for various combinations of
given length, base diameter, surface area, and volume.
In addition, an estimate is made of centrifugal forces
and their effects on the minimum-drag shapes were
considered. In order to check the analysis, an experi-
mental investigation was conducted in the Ames 10-
by 14-inch supersonic wind tunnel on a family of bodies,
including two of the minimum-drag shapes. The test
results were found to substantiate the theoretical
analysis.

A body moving at supersonic speeds has a wave drag
which can be calculated either from integrations based
upon the pressure at the surface of the body or by
means of & momentum balance over a control surface
surrounding the body. The control-surface approach
shows more clearly that the wave drag is related to the
transport of momentum in the Mach waves created
by the body. This approach also suggests the scheme
of reducing or destroying the wave drag through the
use of a shroud as first shown by Ferrari. With such
a shroud, the waves are caught and reflected to the
body surfaces where they may be absorbed without
further reflection. From the standpoint of the pressure
exerted on the body itself, it follows that the reflected
waves may strike the rear portion of the body in such
a way as to provide a buoyancy to overcome the
resistance of the body alone.

In Technical Note 3718, formulas for the wave drag
of shrouded symmetrical airfoils and shrouded bodies
of revolution of arbitrary shape are derived. The
airfoil is shrouded by flat plates and the body of
revolution is shrouded by & cylindrical shell. Although
many configurations are possible, this analysis con-
siders the particular arrangement where the shroud
extends at least far enough forward to catch the Mach
wave emanating from the body nose and far enough
rearward to cast Mach waves on the base of the body.
As a special application of the results obtained, a
class of body shapes, similar to those given by Busemann
and Ferri, was found for which the wave drag is
theoretically zero.
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Wing-Body Combinations

As part of a transonic-speed research program
recommended by the NACA special subcommittee on
research problems of transonic aircraft design, a
systematic investigation of the effects of wing thickness
and plan form on the aerodynamic characteristics in
the transonic range has been conducted in the Langley
highspeed 7- by 10-foot tunnel by the transonic-bump
method.

A summary of the results of this investigation,
presented in Technical Note 3469, indicates that, for
subsonic Mach numbers below the force break, theo-
retical lift-curve-slope calculations were in fair agree-
ment with the experimental results. In the supersonic
range, however, the theoretical values were considerably
higher than the experimental values. Increasing the
thickness ratio caused rather large losses of lift in the
transonic speed range, and increasing the sweep angle
decreased these losses. Decreasing the thickness ratio
and increasing the sweep angle increased the drag-rise
Mach number and reduced the pressure drag. In
general, the drag due to lift was increased by decreases
in thickness ratio, increases in sweep angle, and
decreases in aspect ratio.

The effect of sweep on delaying the onset of com-
pressibility drag has generally been somewhat less
beneficial than that indicated by simple sweep theory.
This is caused, for the most part, by an adverse pressure
distribution at the root of swept wings. A body-
contouring method for alleviating this adverse inter-
ference at the root of a high-aspect-ratio swept-back
wing has been studied in the Ames 14-foot wind tunnel.
In this method the design objective is to alter the body
shape so that the pressure distribution at zero lift, for
a given subsonic design Mach number, will be the same
at the wing-body junction as that on an infinite yawed
wing at the same Mach number. This method of body
contouring is primarily concerned with eliminating the
interference at the root of a swept wing and should not
be confused with the area rule which alters the axial
distribution of cross-sectional area so as to0 minimize
the wave drag at near sonic or supersonic speeds.
Results of the study, presented in Technical Note 3672
show that beneficial results were obtained at free-stream
Mach numbers above the critical, although modifying
the body shape did not significantly affect the aero-
dynamic characteristics at subcritical speeds. Im-
proved aerodynamic characteristics were evidenced by
large reductions of drag, an increase in lift-curve slope,
and a reduced change of pitching-moment-curve slope
with increasing Mach number.

In Report 1252 a theoretical method developed at
the Ames Laboratory is presented for calculating the
supersonic flow field about wing-body combinations of
bodies deviating only slightly in shape from a circular
cylinder. If the combinations possess horizontal planes
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of symmetry, no restrictions are required on wing plan
form for the zero-angle-of-attack condition; if the com-
bination is lifting, the method requires that the flow
over the wing leading edges be supersonic. The
method was applied to the calculation of the pressure
field acting between a circular cylindrical body and a
rectangular wing. An experiment was performed espe-
cially for the purpose of checking the calculated ex-
amples. For very small angles of attack the method
predicted the pressure distribution with good accuracy.
For higher angles, nonlinear effects of viscosity and
compressibility were encountered.

In problems involving interference drag, the detailed
pressure distributions are usually not calculated. In
Technical Note 3674, slender-body theory is used to
calculate the pressure distribution for some nonlifting
wing-body combinations in subsonic and supersonic
flow. It was found that when the body is indented so
that a constant total area of the cross sections normal
to the stream is maintained, the pressures over the wing
remain small throughout the transonic range and the
isobars tend to remain smooth and nearly parallel to
the sweep angle of the wing.

The flow fields and shock formations about & wing-
body combination and its equivalent body of revolution
as determined by the transonic area rule must corre-
spond if there is to be a correspondence between the
drags of the two bodies. Some limited information on
the flow fields indicated that such a correspondence
existed. In the absence of information whereby a com-
parison of the complete flow fields past a wing-body
combination and its equivalent body could be made,
tests utilizing the schlieren method of flow photography
have been conducted in the Langley 4- by 19-inch
tunnel. In Technical Note 3703, the flow fields past
an unswept- and a swept-wing-body combination are
compared with the flow fields past their equivalent
bodies of revolution at Mach numbers around 1.0.
The results of the tests indicate that the flow past the
equivalent body of revolution duplicates, or closely
approximates, that past the wing-body combinations.
The results indicate, furthermore, that, as the bump
representing the wing area on the equivalent body
departs radically from a slender bump or small dis-
turbance, the similarity of flow between the wing-body
combination and its equivalent body decreases.

AERODYNAMIC STABILITY AND CONTROL

Static Stability

Considerable information is available on the influence
of the wing, fuselage, and tail geometry on the static
stability characteristics of high-aspect-ratio unswept-
wing configurations. However, there is little informa-
tion of a systematic nature on the effects of wing aspect
ratio for complete models. An experimental investiga-
tion has therefore been made at low speed in the Langley
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stability tunnel to determine the effects of the various
components and combinations of components on the
static longitudinal and static lateral stability charac-
teristics of models having unswept wings with aspect
ratios of 2, 4, or 6. The results of this investigation,
presented in Technical Note 3649, show that, at angles
of attack near maximum lift, there was a pronounced
increase in longitudinal stability for all wing-body com-
binations. At low and moderate angles of attack, de-
creasing the wing aspect ratio decreased the tail contri-
bution to longitudinal stability. For the complete
model, changes in wing aspect ratio generally had little
effect on the tail contribution to directional stability
throughout the angle-of-attack range investigated. The
most noticeable effect of wing aspect ratio on the
lateral stability characteristics occurred for configura-
tions involving wing-fuselage combinations having an
aspect ratio of 2. These configurations showed abrupt
variations in the sideslip derivatives occurring at small
angles of sideslip for angles of attack of about 20° and
26°, respectively.

A large decrease existed in the vertical-horizontal tail
contribution to directional stability at moderate and
high angles of attack. This was caused by the effect of
wing-fuselage interference at the tail which was counter-
acted by a stable shift in the directional stability of all
wing-fuselage combinations investigated. As a result
of these combined effects, all complete-model configura-
tions were directionally stable throughout the angle-of-
attack range investigated.

The stability derivatives of such midwing research
models which have simple bodies of revolution can, in
general, be estimated with good accuracy in the low
angle-of-attack range by various theoretical and em-
pirical methods. Unpredictable interference effects
caused by the addition of ducts, canopies, or other
protuberances, makes the estimation of the stability
derivatives more difficult and often impossible.

These models were modified to find the effects of size
and position of closed wing-root air ducts on the static
longitudinal and static lateral stability characteristics.
In addition, the effects of top and bottom fuselage ducts

" on these characteristics were found for model configura-
tions employing the wing having an aspect ratio of 2.

These results, reported in Technical Note 3481, show
that, in- the low angle-of-attack range, the addition of
and increase in size of the wing-root ducts on model con-
figurations employing the unswept wing with an aspect
ratio of 2 resulted in a large forward movement of the
aerodynamic center. This forward movement resulted
regardless of whether the horizontal tail was located at
the base or at the tip of the vertical tail. Increasing
the wing aspect ratio from 2 to 6 made this effect more
pronounced. A slight rearward movement in the
areodynamic center resulted from the addition of and
increase in size of the top and bottom fuselage ducts.
Regardless of the aspect ratio of the wing, the addition
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of and increase in size of the wing-root ducts caused an
increase in directional stability for the complete models
at low angles of attack. The addition of and increase in
size of top and bottom fuselage ducts on the complete
model with the aspect-ratio-2 wing, however, resulted
in a large decrease in directional stability which was
about constant throughout the angle-of-attack range
investigated.

In another study the effect of fuselage cross-sectional
shape was determined for models having 0° or 45°
sweptback wing. The results, presented in Technical
Note 3551, show that the direct contribution of the
fuselage cross section affects the longitudinal and
directional stability characteristics at low angles of

-attack. At high angles of attack, in addition to the

direct contributions of the fuselage, wing-fuselage
interference (sidewash) with the tail decreases the
directional stability. The configuration with the shal-
low fuselage suffered the least from this detrimental
effect. In general, the configuration with a deep
fuselage had the poorest directional characteristics of
the models investigated. T

One longitudinal stability problem of particular
concern with respect to swept-wing airplanes is the
“pitch up” which manifests itself essentially in a
reversal of the variation of elevator control position
and force with normal acceleration. This pitch-up
behavior, as far as the pilot is concerned, limits the
useful maneuvering range of the aircraft. Tests are
continuing, therefore, so that this condition can be
better understood and eliminated. In one Ames
Laboratory study, flight tests were conducted on a 35°
swept-wing aircraft to determine the origin of the
pitch up. The results; presented in Report 1237,
show that the pitch up encountered in a turn at con-
stant Mach number was caused by an unstable break
in the wing pitching moment with a corresponding
increase in lift. The pitch up encountered at about
0.95 Mach number in a dive-recovery maneuver was
due chiefly to a reduction in the wing-fuselage stability
with decreasing Mach number. The unstable break in
the wing pitching moment has been linked in part to
separated flow over the wings. This can also result in
buffeting and wing dropping.

Among the modifications studied at the Ames
Laboratory to reduce the effects of flow separation,
vortex generators, a development by H. D. Taylor of
the United Aircraft Corporation, are shown in Tech-
nical Note 3523 to be effective. These devices are
small airfoils placed perpendicular to the surface in a
flow field in such a manner as to create vortices with
axes alined in the flow direction. Properly designed
vortex generators thus provide intermixing of the
retarded boundary-layer flow with the higher energy
flow further from the surface and, hence, tend to delay"
separation. Vortex generators of proper design were
effective in delaying the lift coefficient at which the
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pitch up occurs as well as in reducing the severity of
wing dropping.

Considerable research effort has also been devoted to
improving undesirable pitching-moment characteristics
of swept wings by use of slats, fences, and other devices.
In one flight investigation made at the Ames Labora-
tory with a 35° swept-wing airplane, the effects of a
partial-span, 15-percent-chord leading-edge extension
were evaluated. The extension was found to be
highly effective in eliminating the stick-fixed instability
(pitch up) for Mach numbers below 0.84, though no
benefit was observed at Mach numbers between 0.84
and 0.88. For Mach numbers above 0.88, the lift
coefficient at which the pitch up commenced was
increased somewhat but the severity was not signif-
icantly changed. Pilot opinion indicated improve-
ment in the modified airplane flight characteristics at
Mach numbers at which the pitch up was eliminated.

In another flight investigation, undertaken at the
Ames Laboratory, the effect on the outboard wing
sections of reducing the trailing-edge angle by using
blunt trailing-edge ailerons was determined. Wind-
tunnel tests had indicated that reduced trailing-edge
angles would be beneficial. The results show significant
improvement in the pitch-up characteristics at Mach
numbers around 0.90. '

Another strong influence on the longitudinal stability
of an airplane is the downwash. Until recently, little
information of a systematic nature was available rela-
tive to the effects of wing geometry on the downwash
characteristics at transonic speeds. As part of a
transonic research program, however, the effects of
changes in wing plan form and thickness were investi-
gated through a Mach number range of approximately
0.6 to 1.1 by utilizing the Langley high-speed 7- by
10-foot tunnel transonic bump. Downwash informa-
tion was obtained by the use of floating vanes mounted
at various positions behind eleven wings of various
plan forms and profiles. Theoretical estimates of the
downwash were made for all of the wings at subsonic
and low supersonic speeds by use of compressible vortex
theory and 20-step wing spanwise loadings. Reason-
able agreement between theory and experiment was
obtained except for the chord-plane location at subsonic
speeds. It was found that the agreement for this
condition could be improved by assuming a completely
rolled-up vortex sheet. Results are presented in Tech-
nical Note 3628.

The effects of wing sidewash on the vertical tail can
also be of considerable importance. In Technical
Note 3609, results are presented of a theoretical analy-
sis, conducted in the theoretical aerodynamics section
of the Langley Stability Research Division to determine
by means of linearized lifting-surface and lifting-line
theories the sidewash field behind rolling triangular
wings with subsonic leading edges for supersonic flight
speeds. The analysis also includes the development
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of an expression for the sidewash based on horseshoe-
vortex approximate-lifting-line theory. The approxi-
mate procedure, which is useful in computing the side-
wash for wings of arbitrary plan form and spanloading
is in good agreement, in general, when compared with
the more exact calculations for the triangular wing.
Variations of the sidewash with longitudinal distance
in the vertical plane of symmetry are presented in
graphical form; illustrative calculations of the resultant
induced force acting on various vertical tails are also
included.

It has been recognized for some time that interference
among the various airplane components can be very
important in determining the aerodynamic characteris-
tics of slender configurations. The use of slender-body
theory for treating entire wing-body combinations is
not new, and for cases falling into this category con-
siderable simplification has resulted. The calculation
of interference effects due to wing wakes (wing-tail or
wing-afterbody interference), on the other hand, is
not so clear cut. Unlike the wing-body problem, this
calculation becomes more difficult as the effects become
more important, since the rolling up and displacement
of the wing vortex sheets cannot be ignored for long
slender configurations,

In Technical Note 3525, formulas are developed for
the forces and moments caused by vortex interference
-on slender wing-body-tail combinations of general
cross section in terms of the positions and strengths of
the shed vortices. The analysis is applicable to steady
motion and to motions which can be considered as a
succession of steady states (i. e., quasi-steady motions).
In order to illustrate the application of the analysis,
the interference lift of a plane wing-body-tail com-
bination in steady straight flight was determined by
utilizing vortex positions obtained by numerical
methods. It was found that the impulse of each shed
vortex and its image vortex in a transformed circle
plane enter into all the interference forces and moments
on the airplane. A simple theorem is given for the
interference forces in steady straight flicht; these
forces are found to depend on this impulse evaluated
only at the wing trailing edge and at the base of the
configuration.

In another theoretical study, the pressures, loadings,
forces, and vortex wake associated with low-aspect-
ratio cruciform wing arrangements were determined.
For 45° bank, the wake of a cruciform wing is treated
numerically with 40 vortices and analytically with 4
vortices. Comparisons are made with water-tank
measurements. Formulas are also given for the cal-
culation of loads on a cruciform tail operating in the
wake of a wing. These results are reported in Tech-
nical Note 3528.

A method (described in Technical Note 3670) has
also been developed by the Ames Laboratory for calcu-
lating vortex paths. The method is applicable to any
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situation where the initial positions and strengths of
the vortices are known. The method was then applied
to computation of vortex positions behind a slender
equal-span cruciform wing at several different bank
angles and from these computed positions the inter-
ference forces on a tail were calculated. Comparison
with the known analytical solution for 45° bank angle
shows good agreement.

In exploring the possibilities for the attainment of
long range in airplanes designed to fly at high subsonic
speeds, consideration has been given to the aero-
dynamic problems associated with the use of turbine-
driven propellers operating ahead of a sweptback wing
“of high aspect ratio. The effects of operating pro-
pellers on the stability and control of multiengined air-
craft having unswept wings have been quite thoroughly
investigated in past years. The newer configurations,
however, involve several elements which make the
results of the earlier work either inapplicable or inade-
quate. Of paramount importance is the large increase
in propeller disk loading (with the associated increase
in slipstream intensity) which, in combination with
wing sweepback, might be expected to create longi-
tudinal stability difficulties.

A related investigation was carried out in the Ames
12-foot pressure wind tunnel to evaluate the effects of
operating propellers on the longitudinal aerodynamic
characteristics of a representative four-engine airplane
configuration with a 40° sweptback wing. The wind-
tunnel model was designed to simulate an airplane
capable of long-range operation at a cruising speed of
550 miles per hour at an altitude of 40,000 feet with
very high wing loadings. The thrust of the single-
rotation propellers was sufficient to simulate up to
10,000 horsepower per engine at sea level, assuming the
model to be 1/12 scale. The tests were conducted at
Mach numbers from 0.08 to 0.92 and included measure-
ments of lift, longitudinal force, pitching moment,
propeller thrust, and propeller power for a number of
model configurations. These results, published in
Technical Note 3789, show that for the configuration
investigated, the use of propellers presents no serious
longitudinal-stability problems at high speeds nor is
the drag or the Mach number for drag divergence
adversely affected by propeller operation. At low-
speed conditions corresponding to take-off and landing,
however, destabilizing effects of operating propellers
may be very large, requiring, therefore, careful attention
in aerodynamic design. The measurements were in
sufficient detail to permit determination of the origin,
nature, and intensity of the various components of the
total measured effects of the operating propellers.
Such an analysis has been published in Technical Note
3790, along with recommendations for reducing or
avoiding adverse effects of propellers on similar
configurations.

With the trend of modern high-speed aircraft,
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particularly missiles, toward the use of tail configura-
tions incorporating surfaces of low aspect ratio, a
number of theoretical papers have been published on
the determination of the stability characteristics of
this type of configuration. Although most of these
papers are concerned primarily with supersonic flow,
some, which are based on slender-body theory (. e.,
covering thin wings of extremely low aspect ratio
and slender bodies), are applicable also at subsonic
speeds. The theoretical stability characteristics for
some tail configurations have been verified experi-
mentally; however, only meager or no experimental
data exist for a range of V-, Y-, and cruciform-tail
configurations, particularly at low speeds. A low-speed
experimental investigation was therefore made in the
Langley stability tunnel to determine the static lateral
and static rolling stability derivatives of a series of
cruciform, inverted T-, V-, and Y-configurations com-
posed of low-aspect-ratio triangular surfaces. The
derivatives are presented as functions of the geometric
characteristics of the models in Technical Note 3532,
and for two configurations (a planar wing and an
inverted T), as functions of angle of attack. Where
possible, comparisons have been made between experi-
ment and existing theory; in general, it was found that
better agreement between theory and experiment was
obtained for the sideslip derivatives than for the rolling
derivatives.

Dynamic Stability

As part of a general research program concerned with
the lateral dynamic stability and handling character-
istics of high-speed, high-altitude airplanes, the Ames
Aeronautical Laboratory has tested a 35° swept-wing
fighter airplane through a wide range of flight speeds
and altitudes. In Technical Note 3521 are presented
results of tests of the lateral oscillatory characteristics
made during a series of four flights. Comparisons are
included of the computed variation of period and damp-
ing of the lateral oscillation with the measured values.
These comparisons indicate the accuracy with which
the oscillatory behavior of an airplane can be predicted
under various flight conditions using available or esti-
mated mass parameters and stability derivatives and
neglecting such effects as aeroelasticity and unsteady
lift.

The airplane was found to be laterally stable,
statically and dynamically, throughout the speed
range tested. The variation with Mach number of the
period of the lateral oscillation was satisfactorily
predicted from available and estimated aerodynamic
and mass parameters. The time required to damp to
half amplitude, as measured from flight, varied with
Mach number in essentially the same manner as pre-
dicted from computations. The measured damping
was somewhat better than that obtained from com-
putations at an altitude of 35,000 feet, particularly
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at a Mach number of 0.92. An increase in time to
damp to half amplitude was noted between Mach
numbers of 0.95 and 1.04.

Several modern high-speed airplanes incorporate
structural components that are more flexible than those
previously used. There has been concern that the
increased flexibility might appreciably modify the
dynamic stability characteristics as predicted by
rigid-airplane theory. Particular concern was felt for
the possibility of interaction between structural and
stability vibratory modes because the natural fre-
quencies of the major structural components are
approaching the natural frequencies of the short-period
stability mode.

The problem of the effect of wing flexibility on the
dynamic longitudinal stability of large airplanes has
already been treated analytically in the subcritical
speed range by a simplified semirigid method. In
Technical Note 3543, the effects of fuselage flexibility
are studied by the same method for the same class
of airplanes.

Results of the study indicate that no serious problems
are introduced insofar as the dynamic longitudinal
stability of high-speed bomber airplanes in the sub-
critical speed range is concerned. The results further
indicate that, if desired, future designs may incorporate
somewhat more flexible fuselages than the typical
current design studied and still have dynamic longi-
tudinal characteristics approximately equal to those
predicted by quasi-static theory and roughly equivalent
to those predicted by rigid-body theory. The aero-
dynamic restoring forces which act on the airplane
are sufficient to increase the frequency of the fuselage
oscillatory mode in flight so that the latter frequency
is always higher than either the fuselage-ground struc-
tural frequency or the airplane-stability natural fre-
quency. Thus, the occurrence of a resonant condition
is avoided. The changes in static characteristics caused
by increased fuselage flexibility appear as decreased
straight-flight and increased maneuvering-flight sta-
bility margins and increased elevator control deflections
required for balance. The need for a means of longi-
tudinal balance in steady maneuvering flight, other
than elevator or horizontal-tail deflection, is indicated
if flight is desired at low altitude and high speed with
large airplanes that have fuselage natural frequencies
much below those representative of current design
practice.

In the design of sutomatic-control equipment for
high-performance aircraft, the dynamic response charac-
teristics of the aircraft must be considered. Often
these dynamic characteristics can be predicted by
using stability derivatives obtained from wind-tunnel
tests. In many cases, however, particularly in the
transonic speed range, flight-test procedures are de-
sirable to document the dynamic behavior of the
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airplane. Flight tests also serve the additional purpose
of enabling comparisons to be made with predicted
results, thus aiding in thé development of more refined
prediction methods.

A related flight investigation has been conducted by
the Ames Laboratory in which the longitudinal and
lateral-directional dynamic-response characteristics of
a 35° swept-wing fighter-type airplane were evaluated
from Mach numbers of 0.50 to 1.04. The results of
the study are given in Report 1250. Responses to
transient rather than sinusoidal control inputs were
chosen for analysis because of convenience in making
flight measurements. These transient data were con-
verted into frequency-response form by means of the
Fourier integral and compared with predicted responses
calculated from the basic equations of motion. The
equations, or transfer functions, that best describe
the various measured responses were evaluated by a
curve-fitting process involving the use of templates and
an analog computer. By this method it was generally
possible to find equations, of simple form, that closely
matched the experimental frequency responses between
1 and 10 radians per second and at the same time
adequately described the recorded time histories.
Experimentally determined transfer functions were
used for the evaluation of the stability derivatives
thet have the greatest effect on the dynamic response
of the airplane. The vatues of these derivatives, in
most cases. agreed favorably with predictions over the
Mach number range of the tests.

Recent work on wing configurations designed to
redirect propeller slipstreams downward has demon-
strated that this principle can be used to provide direct
lift for vertical take-off and landing. With transport
aircraft, using this principle, it is possible to keep the
fuselage approximately horizontal at all times.

The program of the Langley 7- by 10-foot tunnels
which is concerned with the study of the promising
double-slotted-flap configurations, has been extended
to determine the effect of ground proximity and to
develop a leading-edge longitudinal-control device.
In Technical Note 3629 it is shown that, with the
propeller-thrust axis on the wing-chord plane, both the
slipstream deflection and the ratio of resultant force
to thrust are reduced as the ground is approached.
It is also shown that lowering the thrust axis below the
wing-chord plane tends to alleviate these adverse ground
effects while at the same time reducing the large diving
moments associated with the slotted-flap configuration.
Technical Note 3692 presents results which indicate
that, for configurations utilizing deflected slipstreams,
8 leading-edge slat, preferably above the wing-chord
plane, can provide increments of pitching moment of
the order of those required for control and change in
trim with center-of-gravity travel for a vertically rising
airplane in hovering flight. In the ground-effect region,
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however, the slat is generally ineffective as a longi-
tudinal-control device.

In another Langley investigation, the stability and
control characteristics of a low-wing four-engine trans-
port vertical-take-off airplane have been determined
with a remotely controlled free-flight model. In order
to provide direct lift for hovering flight with the fuselage
horizontal, the wing and propellers were rotated 90°
with respect to the fuselage. Despite the fact that the
pitching and rolling motions of the model were unstable
oscillations, the model could be flown smoothly and
easily without the use of any automatic stabilization
devices because the periods of the oscillations were
fairly long and the controls were powerful. The pitch-
ing oscillation could be completely stabilized by the
use of artificial damping in pitch; thus the model could
be flown in pitch for long periods of time without the
use of the manual pitch control. Although there was
no stability of yaw position, the model was easy to
control in yaw because the motions were slow and the
yaw control was powerful. There were no noticeable
interactions between the rolling and yawing motions
or between the roll and yaw controls. Vertical take-offs
and landings could be performed fairly easily, although
some forward or backward motion of the model was
often present. Results of the study are given in Tech-
nical Note 3630.

Damping Derivatives

~One of the more important factors entering in air-
. craft stability and control calculations is the  aero-
dynamic resistance to roll or damping in roll. The
damping in roll is generally expressed in terms of the
nondimensional parameter (', which is the rate of
change of rolling-moment coefficient with change of
wing-tip helix angle, pb/2V. To check the validity of
theoretical results, data were obtained by means of a
forced-roll technique which consisted of rolling various
wings in the Langley 9-inch supersonic.tunnel at vari-
ous constant rolling velocities and then measuring the
aserodynamic resistance. Some of the results for the
rectangular and triangular plan forms, obtained at
Mach numbers of 1.62 and 1.92, are reported in Tech-
nical Notes 3740 and 3745. Comparisons of the experi-
mental results with predictions based on linearized
theory indicate that the damping in roll was predicted
accurately for rectangular wings and for all other wings
at Mach numbers for which the leading edge was de-
cidedly supersonic (leading edge swept well ahead of
the Mach trace emanating from the apex). When the
leading edge was substantially subsonic (leading edge
swept well behind the Mach trace), theory satisfactorily
predicted the damping for triangular wings but appeared
to overestimate (in some cases considerably) the values
obtained for the sweptback, tapered wings. In the
transition range, where the leading edge was near sonic,
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the theory, as expected, overestimated the damping in
roll for all applicable plan forms. .

As part of a continuing investigation of the effects of
unsteady motion on the lateral stability derivatives of
airplane models, tests were made in the Langley stabil-
ity tunnel at low speeds to determine the effects of fre-
quency and amplitude on the yawing moment due to
rolling and the damping in roll for an unswept-wing air-
plane model. These tests, which were preliminary in
nature, involved the forced oscillation in roll of the
model about its longitudinal wind axis through a range
of frequencies and amplitudes of motion. The results
obtained were primarily for an angle of attack of 0°.
Steady-state derivatives were measured by means of
tests made with the model stationary in rolling low and
with the model rolling steadily at several rotary veloci-
ties in straight low. These steady results are regarded
as zero-frequency oscillation data and form the basis
for a comparison of the unsteady-state and the steady-
state rolling derivatives. Theoretical values for the
steady-state rolling derivatives were also used for com-
parison with the experimental data.

The results of the investigation, presented in Techni-
cal Note 3554, show that, in the range covered, varia-
tions in the frequency and the amplitude of oscillation
at 0° angle of attack had no important effect on either
the yawing moment due to rolling or the damping in
roll of the complete model. The fuselage-tail combina-
tion experienced a reduction in the yawing moment due
to rolling as either the frequency or amplitude was in-
creased. The values of the rolling derivatives obtained
by oscillation methods were consistent with the values
measured by means of rolling-flow tests at an angle of
attack of 0°. At a high angle of attack, the model with
the wing had a different oscillatory yawing moment due
to rolling when compared with that determined under
steady-state conditions.

Control

Some effects of wing geometric charaecteristics, aero-
elasticity, and Mach number (from 0.6 to 1.8) on the
rolling effectiveness of various types of ailerons have
been obtained from a general investigation of lateral
controls by the Langley Pilotless Aircraft Research
Division with the use of free-flight rocket-propelled
models. For plain, sealed, 0.2-chord, full-span, flap-
type ailerons, the control effectiveness at supersonic
speeds was found to be markedly less than at subsonic
speeds for all the configurations tested; however, in-
creasing the wing sweepback decreased the abruptness
of the change in rolling effectiveness between subsonic
and supersonic speeds and reduced the general level
of rolling effectiveness throughout the speed range.
Furthermore, the effectiveness increases with decreas-
ing aspect ratio. Tapering the wing was found to have
a beneficial effect on control effectiveness for unswept
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wings but somewhat detrimental effect in the transonic
region for wings swept back 45°. It was also shown that
increased control effectiveness in the transonic region
resulted from reducing the section thickness from 0.09
to 0.06 for an unswept wing but had little or no effect
upon a 45° swept wing.

It was also found that small changes in the shape of
the forward part of the airfoil do not appreciably
change the control effectiveness, but trailing-edge
angle has a powerful effect upon the control effective-
ness; that is, positive control was obtained over the
Mach number range when the airfoil-section trailing-
edge angle was of the order of 10° or less; control
reversal was encountered when the trailing-edge angle
was of the order of 16° to 20°. A convenient way to
achieve the beneficial effects of a small trailing-edge
angle is to use slab-sided ailerons with thickened
trailing edges. Camber was found to have little or
no effect upon the rolling effectiveness of an outboard
partial-span aileron on an inverse tapered swept wing.

Results of tests of a thin unswept wing with out-
board partial-span ailerons show a very rapid decrease
in control effectiveness with increasing Mach number
above about 0.9. At supersonic speeds, the rolling
effectiveness was only a small fraction of that obtained
for a Mach number of 0.9. Tests with steel and
aluminum-alloy wings indicate that the losses in control
effectiveness due to aeroelasticity were negligible for
this configuration. Other tests of a swept-tapered-
wing research airplane with outboard partial-span
ailerons show severe losses in control effectiveness
(including control reversal) because of wing flexibility
when scale wing stiffness was considered. Increasing
the sweepback angle of the wings increased the Mach
number for control reversal.

Results of tests of delta wings with ailerons show
that the rolling effectiveness of constant-chord full-
span flap-type ailerons on 45° and 60° swept delta
wings and a delta-wing tip aileron on a 45° swept
wing were about the same at Mach numbers less than
0.9. All controls exhibited & loss in effectiveness at
supersonic speeds, but the rolling effectiveness of the
delta-wing tip ailerons was about twice that of the
constant-chord ailerons.

The control forces on aircraft operating at supersonic
speeds are so high that very substantial power-boost
systems are usually required to handle the hinge mo-
ments. In an attempt to find a solution to the
problem of reducing the size and work require-
ments of boost systems for such aircraft, theoretical
analyses have been made of the hinge moments due
to deflection of unbalanced trailing-edge flap-type
controls. These controls had plan forms varying
throughout the range in which the control leading
and trailing edges are supersonic and the control tips
are streamwise. Ratios of lift and rolling moment
to hinge moment and ratios of lift and rolling moment
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‘to deflection work at fixed values of lift and rolling
effectiveness were used as bases for the ana,lyses
reported in Technical Note 3471.

Results of the analyses for longitudinal controls
show that high-aspect-ratio untapered controls possess
maximum ratios of lift to hinge moment. When
low-aspect-ratio controls must be wused, however,
controls with triangular plan forms and highly swept
hinge lines are shown to have higher values of the ratio
of lift to hinge moment than untapered controls.
Ratios of lift to deflection work for untapered controls
are in most cases shown to be higher than those for
controls with tapered plan forms.

On wings with sweptforward and unswept trailing
edges, inversely tapered controls with triangular plan
forms of moderate or low aspect ratio are shown to
have maximum ratios of rolling moment to hinge
moment. On wings with sweptback trailing edges,
maximum values of this ratio are shown for either
untapered or normally tapered controls. For any
given control shape, the analysis illustrates the im-
portance of using small controls with high deflections
to obtain large values of rolling moment to hinge
moment ratio.

Maximum ratios of rolling moment to deflection work
on wings with sweptforward trailing edges are in most
cases obtained with inversely tapered controls with
triangular plan forms. On wings with unswept and
sweptback trailing edges, the deflection work required
is near minimum for untapered controls with spans
of about two-thirds the wing semispan. Results indi-
cate that large controls will in most cases have higher
ratios of rolling moment to deflection work than smaller
controls.

Another approach to this problem is to link the
trailing-edge control to a leading-edge flap to cancel
hinge moments. A theoretical study of such linked,
controls operating at supersonic speeds has been made
in the Langley 19-foot pressure tunnel. The results
reported in Technical Note 3617 indicate that sub-
stantial reductions in hinge moment can be realized,
particularly for sweptback wings.

Another related investigation was made in the
Langley high-speed 7- by 10-feet tunnel to determine
the feasibility of using a servovane control at high
subsonic and low transonic speeds. This servovane
control, located ahead of and geared to a flap-type
control, could presumedly be deflected with relatively
low control forces compared with flap-type controls.
The control was tested on an untapered semispan wing
of aspect ratio 3 with 35° of sweepback. Throughout
the speed range tested (Mach numbers from 0.6 to 1.0),
increments of lift, pitching moment, and rolling moment
were produced in the correct direction over most of the
angle-of-attack range tested. At an angle of attack of
0° the servovane control gave a higher incremental lift
coefficient and had a more forward location of center of
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pressure of lift than a comparable flap-type control.
Results of the study are given in Technical Note 3689.

The emphasis on simplifying or eliminating power-
boost systems required to move the controls of high-
speed aircraft has led to consideration of using some
part or all of the jet-engine air to provide control. In
order to keep the quantity of air used to a minimum, a
control system has been devised that obtains its effec-
tiveness both from the reaction of the jet of air being
ejected out of the wing and from the change in circula-
tion about the wing resulting from the jet acting as a
spoiler. The fact that a jet of air provides changes in
lift similar to a plain spoiler has been known for some
time, but the results have been limited to two-dimen-
sional, very thick, airfoils. One advantage of this type
of control is that an emergency control can be obtained
by using air at stagnation pressure if the jet engine
fails.

A related low-speed wind-tunnel investigation was
made in the Langley 300 mph 7- by 10-foot tunnel of
such a jet control as an aileron, a 35° sweptback wing
having an aspect ratio of 4.76. The investigation was
of an exploratory nature and was limited to the case
where the jet was supplied with air at stagnation pres-
sure. The results indicate that the air at stagnation
pressure will provide adequate control for emergency
flight for a system in which normal control is obtained
by using a jet of air at high pressure or in which a spoiler
is used in conjunction with the jet at stagnation pres-
sure. ‘

The spoiler used as a lateral-control device has been
the subject of considerable investigation at low and
high speeds, and on both swept and unswept wings.
Recent investigations of spoilers used as lateral-con-
trol devices have shown that on thin wings with small
leading-edge radii the unvented spoiler loses effective-
ness rapidly as the angle of attack is increased above
about 8°. It has been found that this loss in effective-
ness at the higher angles of attack can be reduced at
low speeds by using a slot in the wing behind the spoiler
that allows the air to flow through the wing from the
lower to the upper surface when the spoiler is deflected.

To determine whether a slot plus a deflector is as
effective at high subsonic speeds as it was at low speeds,
an investigation was conducted in the Langley high-
speed 7- by 10-foot tunnel for a Mach number range
from 0.40 to 0.91 of a 50-percent-semispan, inboard,
spoiler-slot-deflector configuration on an aspect-ratio-4
wing with the quarter-chord line swept back 32.6°. The
spoiler-slot deflector was located between the 55- and
70-percent-chord line. The results of the investigation
indicate that the loss in rolling-moment effectiveness of
an unvented spoiler at high wing angles of attack is
materially reduced by the incorporation of a slot and
deflector at Mach numbers up to 0.91. The optimum
ratio of deflector to spoiler projection for best results
varied with angle of attack, but a ratio of three-fourths
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to one gave appreciable rolling-moment effectiveness
through the angle-of-attack range from 0° to 20°.

High Lift and Stall

Final results of an extensive investigation into the
possibilities of obtaining reliable lateral control at the
lowest flight speeds of light airplanes are reported in
Technical Notes 3676 and 3677. Previous results were
reported in Technical Note 2948. This investigation
was conducted at the Texas Agricultural and Mechan-
ical College under the sponsorship of the NACA. It
was found that, for all of the aircraft tested, adequate
lateral control is available up to some critical angle of
attack that is always within 2° of the angle of attack
for maximum lift. The elevator deflection required to
trim at this condition has been found, with power off
and power on, for each of the aircraft tested, as well as
the elevator deflection required to make a three-point
landing. Flight tests were also made with one airplane
having two different horizontal tail configurations in an
attempt to provide an arrangement that would give
near-optimum conditions with regard to the effect of
power change on longitudinal trim near the stall. This
attempt was successful with one of the configurations
tested, so that under all of the conditions of power
setting and center-of-gravity position tested the avail-
able elevator deflection was sufficient only to maintain
the angle of attack at a point where lateral control
remained adequate. The increase in minimum speed
was negligible.

Analytical means are provided by which designers
may estimate the elevator deflection required to trim
in steady longitudinal flight; the effects on longitudinal
trim of changes in some of the more important design
parameters are demonstrated in a quantitative manner.
It is concluded that the procedures suggested can
result in a design in which the maximum up-elevator
deflection may be maintained within the highest value
that will result in satisfactory damping in roll and
reliable lateral control under all flight conditions,
while, at the same time, adequate longitudinal control
is available,

In view of the successful application of vortex gen-
erators for reducing or eliminating flow separation under
certain conditions, a limited flight investigation was
made to determine whether vortex generators might
reduce the separation on a trailing-edge flap sufficiently
to improve the flap effectiveness. The results, pre-
sented in Technical Note 3536, show that none of the
three vortex-generator configurations tested provided
any increase in flap effectiveness for flap deflections of
45°, With a flap deflection of 20°, one of the configura-
tions gave an increase in lift at a given angle of attack
equivalent to about an 8° increase in flap deflection.
However, the drag was also increased by about the
amount that would be caused by the equivalent increase
in flap deflection. The vortex-generator arrangements
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tested, therefore, provided no net improvement in flap
effectiveness from the standpoint of high-lift capabili-
ties, although they appeared to offer some possibilities,
through their effect at moderate flap angles, of improve-
ment of flap-type control characteristics.

Spinning

In order to obtain a broader understanding of the
factors which affect spin and recovery motions, a tech-
nique has been devised for determining time histories
of the attitudes and velocities of free-spinning-tunnel
models from film taken by two motion-picture cameras
operating simultaneously. The method devised and
the results of an initial application of the method in
which time histories of attitudes and velocities have
been determined for one medium-attitude, moderately
oscillatory, developed spin and the recovery therefrom
for a model representative of a contemporary fighter
airplane, are described in Technical Note 3611.

The time-history curves indicate that the oscillatory
motion of the spin was not completely regular, inas-
much as the period and amplitude of any one cycle of
the time histories were not exactly the same as those
for the preceding and following cycles. After rudder
reversal from ‘“‘with” to ‘‘against’’ the spin, some
increases occurred in the amplitude of the oscillations,
particularly in the lateral attitude angles of sideslip
and wing tilt. The recovery was completed about 1%
turns after the rudder was reversed. One factor which
appeared to have an important part in the recovery
from the spin in this investigation was a relatively high
inward sideslip reached during the oscillations following
rudder reversal. Analysis indicates that the high in-
ward sideslip apparently caused a relatively large
negative aerodynamic rolling moment which caused a
large decrease in rolling velocity. As a result, there
was a corresponding large decrease in the gyrodynamic
pitching moment which had been holding the model
in a nose-up spinning attitude.

The results of an investigation made in the Langley
20-foot free-spinning tunnel to study the gyroscopic
effects of jet-engine rotating parts (or of rotating pro-
pellers) on erect spin and spin-recovery characteristics
are presented in Technical Note 3480. The angular
momentum of the rotating parts was simulated on the
model by a rotating flywheel powered by & model air-
plane engine. The rotating flywheel (rotating clock-
wise as viewed from the cockpit) generally caused the
model to spin at a decreased angle of attack and an
increased rate of rotation ian right spins, and at an
increased angle of attack and a decreased rate of rota-
tion in left spins. The recovery characteristics gener-
ally changed from satisfactory to unsatisfactory for
right spins. For left spins, however, the satisfactory
recovery characterists obtainable with the flywheel not
rotating were not appreciably altered when the fly-

COMMITTEE FOR AERONAUTICS 29

wheel was rotating. Results indicate that the effect
of rotating the flywheel could be influenced by loading.

Research Equipment and Techniques

A simplified method for obtaining free-flight measure-
ments of longitudinal aerodynamic characteristics of
airplanes and missiles has been developed by the
Langley Pilotless Aircraft Research Division for use
with rocket-powered models. The basic principle of
this method is that the horizontal tail of a configura-
tion is mass balanced and hinged rearward of its aero-
dynamic center as an all-movable tail. A continuous
pitching oscillation of approximately constant ampli-
tude is sustained throughout the Mach number range
as the tail automatically flips between stop settings
when the tail lift changes direction. This technique
has been applied experimentally to a rocket-powered
model of an arrow-wing airplance configuration having
a T-tail arrangement. Data were obtained for this
configuration on the drag due to lift, lift-curve slope,
tail effectiveness, and effective downwash at the tail.
Both preflight calculations and flight-test data showed
that downwash from the wing increases the angle of
attack at which the tail will flip. The steady-state
angle-of-attack response to a unit tail deflection, there-
fore, should be slightly greater than the required angle
of attack to flip the tail in order to insure that a con-
tinuous pitching oscillation will develop.

Free-flying dynamic scale models, frequently used
for securing aserodynamic research data, generally use
movable aerodynamic surfaces in order to furnish dis-
turbing or restoring forces and moments for purposes
of investigating the response of the model. Often,
these aerodynamic surfaces are in unsteady or unknown
flow fields; consequently, the magnitudes of forces or
moments being applied are not accurately known. The
use of small rockets to produce the required disturbing
forces or moments minimizes these difficulties. Rocket
motors have been used with good results to disturb the
flight of rocket-powered research models in pitch and
yaw. Recently, a requirement for the disturbance of
a free-spinning model in the Langley 20-foot free-
spinning tunnel resulted in the development of & minia-
ture rocket producing 3 ounces of thrust for 2 seconds.
The engineering methods necessary to produce the
desired charsacteristics and the steps of research and
design necessary to fabricate such a rocket are presented
in Technical Note 3620.

AUTOMATIC STABILIZATION AND CONTROL

The problem of determining the differential equations
governing the behavior of a dynamical system, given
a time history of the response of the system to some
input, has been of interest to aerodynamicists for
some years. A general theory for the analysis of
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dynamical systems has been developed at the Ames
Laboratory (‘“‘equations-of-motion” method). This
theory was presented at the Conference on Nonlinear
Control Systems conducted jointly by the American
Society of Mechanical Engineers and the American
Institute of Electrical Engineers. It was noted that,
when looked at from a new point of view, all such
methods can be generalized so as to apply to linear
and nonlinear systems alike. Use of this theory also
has shown how new methods can be developed to
satisfy the requirements of particular problems. One
method developed has certain advantages over methods
heretofore used. Its superiority is based on two facts:
(1) The heavy dependence on the initial conditions
which occur when using most of the previously known
equations-of-motion methods is eliminated, and (2)
there is no need for infinitely long records of the
motions of the system following a disturbance. Finally,
the time of application of the new method is no greater
than that for existing methods and it is well suited to
machine computation.

One of the factors that affects the precision of such
flight operations as landing and air gunnery is the
response of the airplane to gust disturbances. There-
fore, it is highly desirable to study the motions of
airplanes and airplane-autopilot combinations which
result from gusts and to establish which combinations
are best suited to minimize the motions. A related
theoretical study has been made at the Langley
Laboratory to determine the lateral response of a
fighter airplane to atmospheric turbulence as approxi-
mated by side gusts and rolling gusts. The frequency
response and power spectral density of the motions of
the airplane with controls fixed and in combination
with three different basic types of attitude autopilots
are presented in Technical Note 3603. It was found
that the airplane alone exhibited a large resonance to
gust inputs associated with the Dutch roll mode.
The addition of a yaw damper eliminated the resonance.
The autopilot designed to provide regulation in yaw
and roll greatly reduced the response to gusts. The
autopilots designed to provide good course response
to automatic lateral-steering command signals resulted
in a large undesirable roll and yaw response to side
gusts.

It was felt that this difficulty might not be basic and
that the gust-response characteristics might be improved
without deteriorating the command characteristics. A
simplified theoretical study of methods to correct the
undesirable gust response was therefore undertaken.
The results of this study are presented in Technical
Note 3635 which describes a simple modification to
the yaw channel of an autopilot which reduces the roll
response to side gusts while causing no change in
course response. The study indicates that response to
side gusts will be greatly reduced.

A theoretical study wusing an electronic analog
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computer has also been made of the response to step
gusts of an airplane equipped with a system which
operates to reduce accelerations in rough air. In this
system, modified wing flaps and the elevator are
actuated by an automatic control system in response
to the indications of an angle-of-attack vane. The
effect of interconnection of the flap-operating mecha-
nism with the pilot’s control system is also included.
The analysis, given in Technical Note 3597, shows that
modified trailing-edge wing flaps and a coupled elevator
operated by a vane-controlled servo system are effective
in reducing normal acceleration and pitching velocity
due to step gusts when the flap-elevator system is
adjusted to maintain a steady-state constant lift and
zero pitching moment about the wing aerodynamic
center.

It was also found that desirable dynamic stability
and control characteristics of this arrangement could
be obtained without greatly altering the normal-
acceleration alleviation characteristics of the system by
providing a small but reasonable static margin for the
airplane. Interconnection of the flap-operating
mechanism and the pilot’s elevator control appears to
allow satisfactory longitudinal control of the airplane.’
In addition, it was found that the interconnected
system resulted in a more rapid change in normal
acceleration than was obtained by elevator control
alone.

Based on the results of the theoretical investigation
just discussed a light transport airplane was modified
at the Langley Laboratory to incorporate the controls
necessary for gust alleviation. Fundamentally, the sys-
tem used full-span wing flaps to maintain constant lift
in flight through rough sir. A portion of the elevator
control was geared to the flaps to adjust the pitching
moment due to flap deflection. An angle-of-attack vane
located on a boom at the nose of the airplane was used to
sense the variations in gust velocity. Signals from the
vane were supplied to an automatic control system
which operated the flap controls in proportion to the
change in angle of attack. The automatic control
system was designed to attenuate sharply the gust
inputs at frequencies in the neighborhood of the air-
plane structural frequencies in order to prevent excita-
tion of flutter.

The initial results, reported in Technical Note 3612,
indicate that the system is at least capable of reducing
the normal accelerations due to gusts by about 50 per-
cent at a frequency of 0.6 cycle per second, the natural
frequency of the airplane, and by about 40 percent at
a frequency of 2 cycles per second. The controllability
of the airplane with the gust-alleviation system in opera-
tion is adequate and it is felt that this type of control
may result in improved handling qualities of the air-
plane.

As a result of the present interest in the spiral-sta-
bility problem associated with most personal-owner air-
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planes, the Flight Research Division of the Langley
Laboratory has undertaken a program to investigate
the effectiveness of & spiral-stability augmenting device.
The specific problem facing the pilot of & personal-owner
airplane is to maintain his airplane in wings-level flight
during times when he has no natural-horizon reference
and to keep the airplane from diverging spirally while
he may be preoccupied with navigational problems. It
has been demonstrated that the pilot’s sense of orienta-
tion is unreliable in the absence of a visual reference,
as may be the case when inadvertently or unavoidably
encountering instrument weather. Also, many personal
airplanes are equipped with only the basic instruments
for instrument flight (turn indicator, ball-bank indi-
cator, altimeter, and airspeed meter). Considerable
proficiency in instrument flying is required to interpret
the indications of these instruments properly and, in
many cases, personal-airplane pilots are not sufficiently
skilled in instrument flying to undertake it with safety.
Although most present-day personal-owner airplanes,
particularly those with high-wing designs, possess a
slight degree of inherent spiral stability in cruising
flight, they show unstable spiral tendencies under opera-
tional conditions. The main reasons for this apparent
spiral instability are a lack of means for trimming the
airplane laterally or directionally, a variation of lateral
and directional trim with airspeed, and control-system
friction which prevents the control surfaces from return-
ing to trim position after a control deflection, even if
there had been a means for initially trimming the air-
plane.

The device studied utilizes a rate-gyro sensing ele-
ment to switch the control effort of an on-off type of
control. This control deflects the ailerons at a con-
stant rate relative to a spring preloaded aileron neutral
position. An analytical study using phase-plane and
and analog-computer methods was carried out to de-
termine a desirable control-effort switching function for
the on-off or nonlinear control used in this device. Re-
sults of the analytical study indicate that the nonlinear
control is effective in compensating for directional trim
changes of the airplane due to changing flight condi-
tions and also in rapidly returning the airplane to level
flight from an initial roll displacement. Results of the
flight-test program reported in Technical Note 3637 es-
sentially verified the analytical results; that is, the de-
vice is capable of maintaining the airplane in equilib-
rium over its operational speed range under directional
out-of-trim conditions that would cause rapid diver-
gence of the normal airplane, The device also prevents
excessive heading wander and airplane gyrations in tur-
bulent air without pilot control. A means for holding
the airplane in a stabilized turn to facilitate mild
maneuvering through use of the automatic control is
provided.

As part of a general research program for testing
various means of automatic stabilization, the Pilotless
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Aircraft Research Division of the Langley Aeronautical
Laboratory has been conducting an investigation of
various autopilot systems, including both linear and
nonlinear systems. Nonlinear control systems have
been considered as an effective, and possibly a simple
way, of obtaining desired missile responses automati-
cally. One such system, using a mechanical linkage
with a dead or inoperative region as a means of provid-
ing an effective rate signal in an autopilot, has been
studied in laboratory tests and through calculations of
resulting missile motions in roll. Thus, & mechanical
device is used to improve system performance in a
manner similar to that which would be obtained by
using a rate gyroscope. Laboratory tests of an actual
servo using this device in connection with an electro-
mechanical simulator of the rolling motion of a missile
show the conditions under which a higher degree of
stability is obtained with this nonlinear arrangement
than with that of a comparable linear system. Results
of this study are given in Technical Note 3602.

The Ames Aeronautical Laboratory has conducted
extensive research on the various factors which influence
a pilot’s ability to track a target with fighter-type air-
planes. Normally, simulated aerial attacks have been
made against target airplanes and tracking errors have
been evaluated from motion pictures of the target. In
order to eliminate the trouble and expense of a second
airplane, it appeared desirable to replace the target
airplane by a simulated target projected on the wind-
screen. Selected attack situations and target maneu-
vers could thus be repeated quickly and accurately,
and tracking errors could be continuously recorded for
rapid analysis. To investigate this method, which is
described in & paper presented at the Institute of
Aeronautical Sciences, a prototype optical target simu-
lator was constructed and evaluated in flight.! Initial
experience with this equipment led to application of its
principles to other flight-research devices and problems.
The related equipment which has been developed in-
cludes a target simulator for tracking research on a
scope-presentation fire-control system; an airborne
drone aircraft simulator for use in studies of simple
remote-control systems, and a windscreen-instrument
display for the pilot’s use in performing prescribed
maneuvers.

Pilot opinions indicated that an optical target simu-
lator (installed in an F-80 airplane) provided good
qualitative matching of actual tracking problems.
Tracking errors against actual and simulated targets
were equal in steady, straight tail chases and slightly
greater against the simulated target in steady turning
flight. The most apparent difference was the large
error against the simulated target during abrupt turn
entries, due possibly to a lack of bank-angle information
to the tracking pilot.

1 See Kauftman paper listed on p. 77.



32

The target simulator used with the scope-presentation
fire-control system included a tracking radar for ob-
taining target-motion data, and an oscilloscope for
displaying computed steering errors to the pilot for
corrective action. It was the pilot’s opinion that the
scope-presentation target simulator gave a good repre-
sentation of the steering problem encountered in final
attack runs against actual targets.

In the airborne drone simulator, pilots’ maneuvering
commands to the drone are applied by use of a switch
on the control stick. These signals are then fed to an
airborne drone dynamic analog computer which ap-
proximates the behavior of the line of sight to the
actual drone. The output of the analog then controls
a dot appearing on the windscreen, indicating the
simulated drone motions.

Principles and features similar to those used in these
studies appear to have application to a wide variety
of weapon-systems development, training, and instru-
ment-flight problems.

INTERNAL FLOW

Inlets

Although external compression inlets have produced
relatively efficient supersonic compression of the induc-
tion air, the wave drag of the external cowl has been
high and as much as 10 to 20 percent of the total air-
plane drag at Mach numbers above 2. An experi-
mental investigation was conducted at the Ames
Laboratory therefore to study the feasibility of using
inlets having internal contraction at supersonic speeds
and in which the external angle of the lip would be small,
thereby resulting in little or no drag penalty. The
internal compression inlet studied was circular in cross
section and had a translating center body which could

be moved forward in order to increase the throat area of

the inlet, thereby permitting supersonic flow to start in
the converging portion of the inlet. The center body
then could be moved rearward in order to reduce the
throat area to nearly the isentropic value for a con-
vergent-divergent nozzle. The results have shown
that with such an inlet the external drag was essentially
zero and the total pressure measured at the simulated
compressor face was as good as that measured with
single-cone, external compression inlets at Mach num-
bers from 2.1 to 3, the limit of the investigation.

The use of a deflector ahead of the inlet at angle of
attack resulted in maintaining satisfactory pressure-
recovery characteristics up to angles of attack of
approximately 12°. Boundary-layer control on the
center-body annulus through porous surfaces in the
vicinity of the throat of the internal contraction inlet
improved the pressure-recovery characteristics of the
inlets by as much as 10 percent. In addition to satis-
factory total pressure-recovery characteristics, the total
pressure variation at the simulated compressor station

- tions were found to be of about equal merit.
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was small and within 12 percent of the average value for
the Mach number range from 2.1 to 2.5,

The design of the internal-flow system of a turbojet-
powered aircraft for optimum operation at transonic or
supersonic speeds usually compromises operation of the
system during take-off and low-speed operation. In
order to study this problem, two annular conical-shock
inlets and several open-nose inlets of varying propor-
tions and lip profiles have been investigated in the
Langley 8-foot transonic tunnel under static operating
conditions. Measurements were made of pressure
recovery, lip pressure distribution, total-pressure dis-
tribution, and mass flow. Results indicate that the
pressure recovery and the choking mass-flow rate were
greatly improved by replacing the sharp lip on the
open-nose. inlet with more rounded lips. The open-
nose inlets provided greater pressure recoveries than did
the annular conical-shock inlets.

Charts and tables for the design of axisymmetric and
two-dimensional inlets and exits have been prepared at
the Lewis Laboratory and are presented in Technical
Note 3589 for supersonic Mach numbers up to 4.0.
The report also indicates a compression limit for
isentropic inlets that restricts obtainable pressure
recoveries to values considerably less than unity.

The internal space requirements for instrumentation
and armament frequently dictate that the engine air
inlet be located on the sides of the fuselage as a single-
or twin-scoop configuration. An investigation has
been conducted in the Langley 8-foot transonic tunnel
of a twin divergent-walled submerged inlet. The
pressure recoveries of the inlet at zero angle of attack
varied from 98 percent at a free-stream Mach number,
M,, of 0.60 to 93 percent at M,=1.1. Extensive total-
pressure losses, together with severe flow oscillations,
were observed at angles of attack greater than 7.3° for
all Mach numbers,

Preliminary flight tests at the Ames Laboratory on a
jet airplane equipped with submerged-type side inlets
indicated performance considerably below the design
estimates. Further flight tests were made on a similar
airplane which featured a scoop-type inlet and a fuselage
with a smaller aft end. In order to determine to what
extent the inlet change contributed to the performance
increase, the two different inlets were flight tested using
the same after-fuselage configuration. The comparison
was made on three bases: (1) The induction-system
efficiency (ram recovery ratio at the inlet and at the
compressor face, and engine power output), (2) the
overall airplane drag coefficient, and (3) a computed
factor of relative effectiveness.

The results indicate that the submerged inlet had a
higher pressure recovery but also had a higher drag
than the scoop inlet. Compared on the basis of a
factor of relative effectiveness, the two inlet installa-
Sealing
the boundary-layer bleeds on the scoop inlet raised
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the low recovery (below a Mach number of 0.85),
whereas sealing the bleeds on the submerged inlet
decreased the airplane drag coefficient.

One of the problems associated with the design of an
efficient twin-scoop air-induction system on the side
of the fuselage is the manner of handling the boundary-
layer air ahead of the inlet. Two methods of boundary-
layer control in a twin-scoop induction system were
recently investigated at the Ames Laboratory: one
allowed the low-energy air to pass under a compres-
sion ramp placed one boundary-layer height away
from the fuselage; and in the other a portion of the
low-energy air was drawn off through a permeable
compression ramp placed contiguous to the fuselage
surface. The results indicated that in both cases the
boundary-layer control had a favorable effect on the
total-pressure recovery and inlet airflow steadiness.
A comparison of the two types of boundary-layer-
control systems investigated showed that, in general,
the system in which the boundary-layer air was al-
lowed to pass under the compression ramp had a
higher net propulsive thrust and a larger stable range
of operation than the system in which the boundary-
layer air was drawn off through the permeable com-
pression ramp.

In the design of auxiliary air inlets or boundary-
layer-removal systems, estimates of the entering
boundary-layer mass flow and momentum must be
made. Charts have been prepared at the Lewis
Laboratory for evaluating these quantities for various
turbulent boundary-layer profiles and are presented
in Technical Note 3583.

Inlets designed for supersonic jet engines are gen-
erally unstable at certain operating conditions. It
is desirable to determine criteria which define the stable
operating range of such inlets. This problem has been
studied at the Lewis Laboratory and is presented in
Technical Note 3506, wherein the jet engine is likened
to a Helmholtz resonator having a through flow. It
is assumed therein that at each instant, conditions
in the combustion chamber are uniform. The latter
assumption is relaxed in Technical Note 3574, which
applies acoustic impedance techniques in a study of
inlet stability.

Supersonic inlets of ram-jet-engine installations are
also susceptible to unstable oscillations when the
engine is not operating at either design Mach number
or air-fuel ratio. Since this unstable inlet operation,
known as buzz, has a strong detrimental effect on
ram-jet performance, it is essential that this phenome-
non be thoroughly understood so that the problem
may be eliminated. Technical Note 3695, prepared
at the Langley Laboratory, reports on a study, in
which a modified nonstationary one-dimensional wave
theory is employed, of the various waves which com-
prise the buzzing cycle. This analysis predicts the
complex pressure-time variation in the ram jet, found
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experimentally, and also shows how the oscillation
begins and is perpetuated.

Diffusers

Tests have been conducted with a series of diffuser
shapes defined by empirical equations having constants
which are related to the initial boundary-layer thick-
ness. The shapes were designed to provide high pres-
sure recovery at near-sonic inlet Mach numbers. The
tests were conducted at the Ames Laboratory through
the mass-flow range with a variety of attached and
separated initial boundary layers and also with two
offset ducts, with a variety of surface conditions in
the shortest duct. .

The experimental results, reported in Technical
Note 3668, provide substantiation for the design trends
upon which the empirical equations were based. In
addition, it was found that, for the axially symmetric
ducts tested, the effect of initial boundary-layer thick-
ness on pressure recovery was as important as that of
duct shape. The best performance was obtained with
8 short duct with a thin initial boundary layer. With
separated boundary layers, extended entry lengths
provided markedly improved pressure recovery and
flow steadiness relative to & similar duct with no entry
extension. The offset ducts suffered losses in all per-
formance parameters relative to a similar axially
symmetric duct. Near maximum mass flow, the surface
conditions investigated had only small adverse effects
on pressure recovery. A loss of several percent in
total-pressure recovery occurred with air leakage into
the duct near the throat.

In many installations a short diffuser would be
extremely desirable, but its use has been prevented by
the total-pressure and static-pressure losses incurred by
airflow separation resulting from the large included
angles of a short diffuser. To determine whether this
separation could be eliminated by using area suction, an
exploratory investigation was performed with a 30°
and a 50° porous, conical diffuser having area ratios of
2. The tests, at the Ames Laboratory, made at a mean
inlet Mach number of 0.2, indicated that area suction
eliminated airflow separation in the 30° and 50° dif-
fusers with suction mass flows of 3 and 4-percent of the
inlet mass flows, respectively. By eliminating airflow
separation, the total-pressure and static-pressure losses
of the 30° and 50° diffusers were less than those of a 10°
diffuser without boundary-layer control.

Studies of various means of boundary-layer control
for the purpose of increasing the efficiency of short dif-
fusers have continued at the Langley Laboratory also.
The results obtained in two investigations of the appli-
cation of vortex generators, boundary-layer suction,
and high-energy-air injection into the boundary layer
to short, annular diffusers show that vortex generators
are ineffective for extremely short diffusers. It also
was found that a net gain in overall efficiency cannot be
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obtained by suction or injection boundary-layer con-
trols unless the auxiliary pumping power is held to a
minimum by eliminating all flow separation upstream of
the control point and by specially shaping the wall
contours downstream of this point to suit the flow
conditions prevailing with the control operating. The
increase in static-pressure rise obtained through the use
of boundary-layer controls was of the order of 40
percent.

Ducts and Outlets

In continuation of the studies of the Langley Labora-
tory of means for increasing the efficiency of internal-
flow systems, an investigation was conducted to deter-
mine the maximum flow capacity and the pressure drop
of 90° bends in ducts of circular cross section. It was
found, in Technical Note 3696, that a mean radius of
turn of 2.5 duct diameters was approximately optimum
with regard to both characteristics. A duct bend with
this radius of turn provided a maximum flow equal to
95 percent of the theoretical choking flow and experi-
enced an increase in total-pressure-loss coefficient of
only 31 percent as its entrance Mach number was varied
from low values to the choking value. The effects of
changes in inlet boundary-layer thickness were found to
be unimportant.

The high auxiliary-air requirements of high-speed
aircraft continue to emphasize the importance of the
handling of this air. In order to obtain additional
design information applicable to this problem, atran-
sonic investigation of the performance of rectangular
thin-plate and ducted outlets located in a surface
parallel to the flow has been made by the Langley in-
ternal aerodynamics laboratory. As reported in Tech-
nical Note 3466, it was found that the thin-plate outlets
provided higher discharge coefficients at low discharge
pressure differentials and that their performance in-
creased substantially as their aspect ratio was decreased
below unity. All of the flush ducted outlets had
approximately the same discharge coefficients regardless
of inclination or curvature of the duct axis and pro-
vided more flow than the thin-plate outlets at high
supply pressures. The discharge coefficients of these
outlets were increased by recessing their downstream
surfaces. Surface dynamometer measurement showed
that the thrusts produced by outlets of these types
corresponded approximately to the streamwise com-
ponents of the calculated theoretical thrusts.

Thrust Reversers

. Many uses for thrust reversers on jet aircraft have
been proposed. They include braking the landing roll,
reversing or spoiling thrust during the landing approach
so that maximum engine speed may be maintained,
and braking during diving maneuvers to limit flight
speed. To be used effectively, the reverser must give
the desired amount of reverse thrust without affecting
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engine operation. Also, the design must lend itself to
stowage with a minimum amount of boattail or base
drag. _

As part of an overall investigation of thrust reversers
and their associated problems, studies were conducted
with cold flow on thrust-reverser models. This work
was done on a small-scale unheated-air-duct setup
equipped with a 4-inch-diameter exhaust nozzle at the
Lewis Laboratory.

The performance of a hemispherical thrust reverser
over a range of geometric variables and some of the
factors that affect reverse-thrust performance were
investigated. The effects of most of the design vari-
ables of the reverser were obtained at an exhaust-nozzle
total- to ambient-pressure ratio of 2.0. The basic data
over a wide range of conditions were also obtained,
however, so that other comparisons could be made.

The performance of cylindrical-type thrust reversers
and the effects of several modifications on their per-
formance were also investigated at an exhaust-nozzle
pressure ratio of 2.0. These modifications included
changes in frontal area, width-to-height ratio, depth,
lip angle, end-plate depth, and end-plate shape. The
performance of swept-type cylindrical thrust reversers,

-the relation of reverse-thrust ratio to reversed-flow

attachment, and thrust-modulation characteristics were
included in the study.

Preliminary data have been obtained on the per-
formance of several cascade-type thrust reversers lo-
cated upstream of the exhaust nozzle at exhaust-nozzle
pressure ratios up to 2.4. Such reversers are referred to
as the tail-pipe-cascade type. A totalof 15 different tail-
pipe-cascade configurations was investigated. These in~
cluded two blade shapes, several cascade length-to-span
ratios, and wvarious innerbody lengths. For some of
the configurations, modulation performance and sur-
veys of total pressure and flow angle were obtained
at the cascade discharge.

Technical Note 3664 presents several types of thrust
reversers investigated under the overall NACA pro-
gram, summarizes the important performance charac-
teristics, and presents proposed operation methods.
Three types of reversers were investigated: target,
tail-pipe cascade, and ring cascade. The effects of
design variables on performance, reversed-flow fields,
and thrust-modulation characteristics were determined
for each type.

PROPELLERS FOR AIRCRAFT

Aerodynamic Problems

Continued interest in propellers as propulsive devices
capable of efficiently utilizing the high power available
from modern gas-turbine engines has emphasized the
need for data defining their characteristics in their
various flight regimes. In addition to their perform-
ance at high speeds, there is equal need to know their
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behavior in the negative-thrust range, where extremely
large forces can result in the event of engine failure
and in the high-thrust conditions occurring during the
low-speed take-off run. The dual-rotation propeller is
of particular interest since it offers the advantage of
smaller diameter, higher efficiency, absence of reaction
torque, and less noise as compared with the single-
rotation propeller capable of absorbing the same power.
To provide data useful in the design and development
of these propellers, an investigation has been made in
the Ames 12-foot pressure wind tunnel of NACA
4-(5)(05)-037, six- and eight-blade, dual-rotation pro-
péllers. These propellers were operated at positive
and negative thrusts, at blade angles from —20° to 70°,
and at Mach numbers up to 0.90, including operation
at low-speed, near-static conditions. At high speed,
M=0.72, these propellers had an efficiency of 0.80 for
a blade angle of 65°, and at low-speed near-static con-
ditions they produced about 3 pounds of thrust per
horsepower at their design power loading.

The flow of air through the plane of a propeller is
greatly influenced by thé type of spinner used. Gen-
erally, propellers are designed for operation in a flow
having uniform axial velocity over the propeller disk.
Frequently this ideal flow is not realized because of
spinner disturbance to the flow field. A flight investiga-
tion was made on three full-scale propeller spinners using
the XF-88B propeller research airplane to obtain in-
formation on the spinner pressure distributions and on
the radial extent of flow-field distortion by the spinner.
One was a conventional conical spinner and the others,
differing in size, had spherical midsections. Measure-
ments reported in Technical Note 3535 show that
distortion of the flow in the propeller plane amounting
to 10 percent of the free-stream velocity extended out-
ward from the spinner surface from 30 to 100 percent
of the spinner radius. On the large spherical and
conical spinner, the extent was greater than with the
small spherical spinner; this indicates that there are
some shapes for which the extent of flow disturbance
can be minimized. Also, it is apparent from measure-
ments with the conical spinner that the velocity of
flow may be considerably reduced in the vicinity of the
spinner. It is also pointed out that unfavorable flow
separation could result with spherical spinners.

As part of a general investigation of the static char-
acteristics of propellers, empirical methods for estimat-
ing static thrust, based on propeller charts, have been
compared with a newer strip-theory method. The
comparisons of experimental data with thrust and
power coefficients calculated by strip theory show good
agreement where adequate airfoil data are available,
and the strip theory yields better results than the
empirical method.

In the increasingly important field of vertical and
short takeoff and landing, high thrust at low speeds
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and cancellation of torque reaction make dual-rotation
propellers an attractive means of propulsion. In order
to fulfill a need for information concerning dual-rotation-
propeller static-thrust characteristics, an investigation
of six- and eight-blade dual-rotation propellers operat-
ing at zero advance was conducted at the propeller
static test stand of the Langley 16-foot transonic
tunnel. These propellers were made up of blades having
the NACA 8.75-(5)(05)-037 design number. Static
thrust and torque characteristics were investigated.
Some types of vertical-take-off aircraft depend, for
longitudinal and directional control, at zero or low
forward speeds, upon the action of the slipstream on
control surfaces. Velocity distributions, therefore,
were also measured in the wake of the six- and eight-
blade dual-rotation propellers. A major part of the
investigation of dual-rotation propellers pertained to a
study of vibratory stresses excited by mutual inter-
ference of the propeller blades of the front and rear
components. The principal finding is that blade pas-
sage in a dual-rotation propeller is a fairly strong
source of aerodynamic vibratory excitation. High
stresses, however, were not encountered under any of
the test conditions, and only moderate stress rise was
encountered at resonant conditions, primarily in the
torsional mode.

In connection with research leading to improved
aerodynamic qualities in vertical-take-off aircraft, an
investigation (reported in Technical Note 3547) was
made to determine the effects of airspeed and angle of
attack on the lift, drag, and pitching moment of a
shrouded-propeller model. The model had a shroud
length of about two-thirds the propeller diameter and

.was tested over an angle-of-attack range from 0° to

90°. Tests were made of the complete model with the
propeller operating and also of the shroud and motor
combination with the propeller removed. Static-thrust
efficiency was found to increase with increasing radius
of the shroud inlet lip.

Propeller Stall Flutter

In the design of a supersonic-type propeller, primary
consideration has been given to reducing blade-section
thickness ratios to as low a value as stress considera-
tions will permit. However, the propeller blade with
very thin sections has low torsional rigidity and is
susceptible to stall flutter; consequently, the power
capacity of such propellers during take-off may be
limited by flutter rather than by aerodynamic charac-
teristics. In an effort to improve the flutter character-
istics of propellers and yet maintain thin blade sections,
the effect of blade-section camber on the stall-flutter
characteristics of three NACA propellers was investi-
gated. An increase in blade-section camber was found.
to produce an important reduction in blade stresses
due to flutter at blade-angle settings up to 28°.
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HELICOPTERS

Rotor Aerodynamics

The need for research work on helicopters arises
both from the desire of the user for a better, more
reliable, or less expensive helicopter to do an existing
job and from the desire to develop designs which will
permit successful application to new missions. For
both purposes, improved rotor aerodynamic theory
and coordinated experimental research are required.
In recent years, modern high-speed automatic com-
puting machines have become generally available to
research institutions and to industry. This availability,
in turn, has made possible the application of these
machines to the problem of computing the aerodynamic
characteristics of lifting rotors by numerical methods.
By means of such methods, factors that are normally

*omitted from conventional analytical rotor treatments,

such as stall and compressibility effects and combina-
tions of such design parameters as hinge offset, blade
twist and taper, and root cutout, can be accounted for.
Greater accuracy is thus obtained for designs of con-
ventional types, while design studies for radically
different helicopters (particularly designs aimed at
higher forward speeds) become practical. The necessary
equations and procedures for carrying out the numerical
computations involved are presented in Technical
Note 3747. Rotor characteristics considered included
thrust, profile drag, total power, flapping, rolling and
pitching moments, direction of the resultant-force
vector, and the harmonic contributions of the shear-
force input to the hub.

A knowledge of the steady-state flapping behavior
of lifting rotors is necessary in the design of helicopter
hubs and control systems, in estimating rotor-fuselage
clearances, and as a prerequisite to the numerical
evaluation of the aerodynamic characteristics of rotors.
Equations for calculating rotor-blade flapping have
been available from various theories. In order to
reduce computation to a minimum, theoretical flapping
values can be obtained directly from charts which
were constructed and are presented in Technical
Note 3616. The charts are applicable over a wide
range of helicopter operating conditions and for blade
twists of 0°, —8°, and —16°.

The recent emphasis on helicopter-rotor vibration
and the consideration of compound helicopters and
convertiplanes require a more complete evaluation of
the induced velocity field near a lifting rotor and of the
rotor downwash in the regions of wings and tail planes.
The preliminary report of this experimental investi-
gation has been supplemented in Technical Note 3691
by a complete presentation of results and a comparison
with theoretically predicted flow fields.

The normal component of induced velocity of a
Iifting rotor can be calculated with good accuracy as
far rearward as three-quarters of a diameter behind
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the front edge of the rotor, provided a realistic non-
uniform (essentially triangular) disk loading is assumed.
Because of the rapid rolling up of the trailing vortex
system, the induced-velocity calculations at the rear
quarter of the disk do not accurately predict the
measured results. In the far field behind the rotor the
induced flow can be more accurately predicted by
considering a uniformly loaded rotor in the same
manner as a rectangular wing. Charts of the normal
component of induced velocity in the longitudinal
plane of symmetry in the near and far fields of the rotor
determined analytically for different nonuniform,
circularly symmetrical disk loadings are presented in
Technical Note 3690.

One of the more difficult problems facing the heli-
copter designer is the calculation of the rotor-blade
aerodynamic loading. 'The problem is difficult because
of the complexity of the rotor flow and the uncertainties
of the assumed distribution of induced velocity across -
the rotor disk. An extensive investigation to determine
experimentally the helicopter rotor-blade loads for both
the hovering and forward-flight conditions has been
conducted in the Langley full-scale tunnel. The static-
thrust information on a single rotor is presented in
Technical Note 3688. A rapid dropoff in load per foot
of span is shown near the blade tip. A comparison of
the blade-section loadings with theory shows that a
tip-loss factor which varies with thrust coefficient gives
more accurate results than the commonly employed
constant tip-loss factor.

The effects of compressibility arising from high tip-
speed operation on the flapping, thrust, and power of a
helicopter rotor over a wide range of forward flight
conditions were investigated by the use of numerical
methods and are reported in Technical Note 3798.
With the particular airfoil characteristics used, the
results indicated minor increases in rotor flapping and
thrust when rotor tip speed was increased from 350 to
750 feet per second. The largest effect noted was an
increase in profile-drag power in the advancing side of
the disk that was proportional to the amount by which
the blade-tip Mach number exceeded the drag-diver-
gence Mach number. These effects of compressibility
appeared to be independent of blade twist but are, of
course, 8 function of the airfoil characteristics employed
in the analysis.

Propulsion

The large load-lifter type of helicopters are particu-
larly well suited to benefit from use of rotor-blade tip-
mounted jet-propulsion power plants. A pulse-jet unit
having high ratios of thrust to frontal area had pre-
viously been studied on the Langley helicopter test
tower. In order to determine centrifugal-field effects
on the propulsive characteristics, the same pulse-jet
unit was tested over a range of yaw angles and forward
speeds in the Langley 16-foot transonic tunnel. A
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comparison of the nonwhirling and whirling results,
presented in Technical Note 3625, indicates that the
pulse jet is subject to reduced performance. This re-
duction results from centrifugal distortion of the fuel-
spray pattern for centrifugal accelerations greater than
200g (a value high enough to indicate that no difficulty
of this nature should be encountered with the largest
load lifters but indicating an area requiring careful
consideration for smaller pulse-jet designs).

A performance analysis of fixed- and free-turbine
helicopter engines has resulted in performance charts
and comparisons of the off-design specific fuel consump-
tion, altitude performance, power-speed characteristics,
and response times. The results presented in Technical
Note 3654 indicate that power modulation of the fixed-
turbine engine was more rapid than the free-turbine
engine at constant shaft speed, although simultaneous
changes in speed and power were executed by both
engines in about the same time. At constant tempera-
tures, the free-turbine power varies only slightly with
shaft speed, whereas the fixed-turbine power decreases
significantly with shaft speed.

Solutions of the problems of excessive vibration, struc-
tural fatigue, roughness of control, and rotor interfer-
ence would become more evident if the nature of the
rotor disturbances was known. With a reasonable
knowledge of inflow variations, it may at least be pos-
sible to design away from these adverse characteristics.
The available current experimental inflow data are not
adequate to permit a thorough evaluation of existing
theories. With the exception of the hovering condition,
therefore, only a limited amount of material has been
published about the correlation between inflow theory
and experiment. Since no force and moment data for
offset-flapping-hinge rotors were available, 2 study was
. undertaken by the Massachusetts Institute of Tech-
pology, under the sponsorship of the NACA.

Inflow distributions, azimuth and spanwise, were
determined analytically from measured pressure distri-
butions and blade-motion data on a model helicopter
rotor blade under hovering and simulated forward-flight
conditions. Pressures and corresponding blade flapping
were recorded for various rotor conditions at tip-speed
ratios of 0.10 to 1.00. Covered in this study are one-
bladed-rotor operation effects, deliberate blade stall,
data on the effects of cyclic pitch, and tests on a rotor
with & 13-percent-offset flapping hinge. Since the offset-
flapping-hinge rotor was used primarily as a means of
alleviating stall in order to obtain inflow data at high
tip-speed ratios, g, in the vicinity of 1.0, no cyclic pitch
was used to balance out the hub moments resulting
from the incorporation of offset hinges. It is these
moments which are the primary source of stall allevia-
tion. The inflow plots presented in Technical Note
3492 indicate variations very different from the uniform
distributions which are sometimes associated with a
rotor disk. An extensive investigation of the p=0.30,
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zero-offset rotor condition showed that larger inflow
variations than those predicted by theory can exist. In
addition, however, upflow over the forward portion of
the disk and relatively large induced velocity at the
trailing edge are verified. The inflow patterns for the
zero-offset and 13-percent-offset rotors under the same
conditions of operation, except for the presence of hub
moments in the offset-hinge case, are found to be very
different in general character.

SEAPLANES

Hydrodynamic Elements

Experimental and theoretical research on planing
surfaces has been extended to include pressure-distri-
bution surveys for a series or related prismatic planing
surfaces having angles of dead rise from 0° to 40°, with
and without chine flare. These pressure distributions
are presented in Technical Note 3477 for a wide range
of wetted length and trim.

The results substantiate the use of the normal-load
coefficient as the key parameter in predicting flat-plate
center-line pressures. The results further show that
flat-plate pressure distributions can be adequately pre-
dicted from existing theories. The reduction in pres-
sure accompanying an increase in angle of dead rise is
about as expected on the basis of previous force measure-
ments. The addition of horizontal chine flare increases
the pressure near the chines and extends the region of
positive pressures further forward of the stagnation
point in the vicinity of the chines. Existing theories
are in poor agreement with the experimental pressure
distributions obtained for surfaces having dead rise.
The lift and centers of pressure, predicted on the basis
of the pressure distributions, are in good agreement
with recent experimental and theoretical NACA re-
search on planing surfaces.

Interest has been developing in the operation of
water-based aircraft off ramps or beaches where the
water depth approaches zero. In view of this, an ex-
perimental investigation was made to determine the
effect of shallow water on the hydrodynamic character-
istics of a flat-bottom planing surface. These data are
reported in Technical Note 3642 and show that the
lift, drag, and trimming moment about the trailing edge
of the model increased as the clearance between the
model and the tank bottom decreased. The most ap-
parent increases occurred at clearances below one beam.
With combinations of high-wetted length and high trim,
however, the values began to increase at somewhat
greater clearances. The lift-drag ratio increased with
decreasing clearance for wetted length-beam ratios
greater than 0.8 and trims less than 16°. The roach
in the wake of the model increased in height and moved
aft of the model as the clearance decreased.

In the past, seaplane-spray investigations were pri-
marily concerned with the definition and reduction of
spray impinging on the seaplane. Recent develop-
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ments have somewhat altered the spray considerations
since modern seaplane designs have closely coupled
aerodynamic and hydrodynamic components which are
constructed strong enough that considerable forces may
be developed on the surfaces by impinging spray. A
study of the scale relations for converting model spray-
force data to full size is reported in Technical Note 3615.
The results show that spray lift forces can be scaled by
the conventional Foude relations but that a Reynolds
number effect on spray drag is indicated. An empirical
method is suggested for correcting the spray frictional-
drag coefficients on a Reynolds number basis.

Results of a preliminary investigation of self-excited
vibrations of a single planing surface are reported in
Technical Note 3698. Research on vibrations of
planing surfaces is of considerable significance in the
application of hydro-skis to water-based aircraft, since
such vibrations have been known to cause structural
damage to the aircraft. This research has indicated
that self-excited vibrations occur with high aspect ratio
(on the order of 10) of the wetted portion of the planing
surface and appear to be essentially an oscillation in
trim or rise, or a combination of these motions. The
oscillations can be decreased in severity or eliminated
by using planing surfaces which limit the wetted aspect
ratio. Dead rise, transverse curvature, and a pointed
trailing edge are all effective.

In order to provide for flush retraction of hydro-skis
on high-speed water-based aircraft, it is sometimes
desirable to form these components from portions of the
airplane which can be extended for landing and take-off.
Since the bottom of these skis will then conform to the
shape of the fuselage which is generally rounded or to that
of the wing whichis more or less flat, the skis also will gen-
erally have rounded or flat crosssections. Because of this,

POWER PLANTS

The ever increasing range, speed, and altitude require-
ments specified for supersonic airplanes and missiles
has necessitated consideration of new types of power
plants as well as the refinement of the more familiar
types of turbojet, ram-jet, and rocket engines. Asin the
past the goal of NACA research in this field has been
information leading to the development of light-weight,
highly efficient propulsion systems, utilizing both chemi-
cal and nuclear fuels. _

Increased emphasis has been placed on new fuels and
rockets problems and on the effects of high temperature
environment on engine performance and reliability.
Of particular interest at high altitude is the performance
of the combustion chamber. Much research has been
done in order to understand the differences between
theory and experiment for the effects of turbulence on
flame ignition, propagation, and heat release.

In order to summarize the present ‘“‘state-of-the-art’
of airbreathing powerplants research, a technical con-
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an investigation was initiated to determine the charac-
teristics of planing surfaces of several plan forms and
transversely curved bottoms. One surface was of
rectangular plan form with a flat bottom; the second
had a rectangular plan form with transversely curved
bottom; and a third surface had a flat bottom but was
triangular in plan form. The trims investigated ranged
from 4° to 20°. The data were reduced in the form of
load, resistance, trimming moment, and draft plotted
against wetted area.

Research Equipment and Techniques

The rapid increase in the landing speeds of current air-
planes has caused a corresponding increase in the water
speeds at which seaplanes operate. As a result, the
gap between the speeds available in the existing hydro-
dynamic testing facilities and full-scale speeds has
widened to an extent sufficient to make it advisable
to ascertain whether these differences in speed are caus-
ing any significant differences in force coeflicients. In
an attempt to close this gap, an investigation has been
made of the feasibility of obtaining hydrodynamic data
at full-scale speeds by utilizing a rectangular 3- by
3%-inch free-water jet actuated by compressed air.
A comparison of planing data obtained in the water
jet with similar data obtained in conventional towing
tanks indicates that it is feasible to use a free-water
jet as a hydrodynamic test facility for obtaining planing
data at very high speeds. The main problem appears
to be in establishing an adequate method of correcting
the jet data for the limited boundaries. Consideration
has been given to a simple empirical method of cor-
recting planing data for the jet boundaries. This
method gave reasonable results for the limited data
available.

FOR AIRCRAFT

ference was held at the Lewis Laboratory in December
1955.

A description of the Committee’s recent unclassified
research in the field of aireraft propulsion is given on the
following pages. -

AIRCRAFT FUELS

Fuels Performance Evaluation

Because the ram-jet engine requires no significant
moving parts for its operation, a greater variety of
potential fuels is available for the ram-jet engine than
for the turbojet and reciprocating engines. Specifically,
the ram-jet engine is capable of utilizing fuels that may
produce considerable solid materials in the process of
combustion. A number of conventional and uncon-
ventional ram-jet fuels have been suggested for research
because of the need for ram-jet fuels that may permit
the realization of flight range and thrust beyond the
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limits attainable with conventional hydrocarbon fuels.
The adiabatic combustion flame temperature, com-
bustion equilibrium-gas composition, air specific imn-
pulse, and fuel-weight specific impulse were investi-
gated for each of several fuels. These fuels included
octene-1, aluminum, aluminum-octene-1 slurries,
magnesium, magnesium-octene-1 slurries, diborane,
pentaborane, boron, boron-octene-1 slurries, hydrogen,
a-methylnapthalene, and graphite.

The desire for higher flight speeds has increased the
demand for greater power per pound of fuel, and per
unit volume of fuel. Emphasis has therefore been
placed on the development of ram-jet engines and on
turbojet engines equipped with afterburners suitable
for operation on special fuels. '

An analytical investigation was conducted to de-
termine the theoretical air-specific-impulse perform-
ance of several fuels over & range of equivalence ratios,
_inlet-air temperatures, and combustion pressures. The
fuels included octene-1, 50-percent-magnesium slurry,
boron, pentaborane, diborane, hydrogen, carbon,
and aluminum. Inlet-air temperatures between 100°
and 900° F are considered at a combustion pressure
of 2 atmospheres; a combustion pressure of 0.2 atmos-
phere is also considered at an inlet-air temperature
of 100° F. Also discussed are the determination of
air-specific-impulse efficiency and combustion efficiency
for experimental data by the use of theoretical results
and the estimation of the relative amounts of various
fuels required to maintain a fixed engine thrust level.

For some time fuel cost has been accepted as a major
consideration in the conversion of commercial airline
operations from piston-engine aircraft to gas-turbine-
engine aircraft. The most frequently proposed fuel
for use in gas-turbine transports is kerosene; however,
there has been interest in the possibility of further
fuel-cost reductions by use of low-cost distillate and
the residual fuel oils. These fuel oils are considerably
cheaper than aviation gasoline, and the residual types
are substantially less costly than kerosene. Despite
the cost attractiveness the physical properties and
combustion characteristics of such fuels offer many
problems that must be solved before they can be suc-
cessfully utilized in commercial aircraft. The prop-
erties of distillate and residual fuel oils and the influence
of these properties on engine performance and handling
procedures have been studied. o

Combustion-chamber carbon deposition is a signifi-
cant factor influencing the choice of fuels for the tur-
bojet engine. A number of carbon-deposition tests
were conducted in a single-tube combustor and in full-
scale engines to provide some information concerning
the relation between single-combustor and full-scale-
engine carbon deposition. These data together with
limited flight operational data provide somé indication
of the tolerable limits of deposition and of the neces-
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sary control test limits that would ensure adequate
fuel quality.

Thermal Properties of Aircraft Fuels

Sodium, beryllium, and magnesium alkyls thermally
decompose under vacuum at 100° to 200°F. The
main products are a metal hydride or an alkyl metal
hydride and an olefin of the same number of carbon
atoms as the original alkyl group. Recently, it has
been observed that a boron alkyl, tri-n-butylborane,
decomposed upon heating under vacuum; the products
were dibutyldiborane and butene.? The similarity both
in the nature of the products and the experimental
conditions suggests that the same mechdnism is involved
in all these metal alkyl decompositions.

In some present-day turbojet engines, the engine
lubricant is cooled in a heat exchanger by means of the
fuel as it flows to the combustor, As a result, the fuel
may be heated to temperatures high enough to cause
the formation of insoluble, gum-like substances. These
insoluble materials, if not removed or adequately dis-
persed, may foul the hedat exchanger so that the lubri-
cant is not adequately cooled or clog the filter screens
or the injector orifices so that the fuel flow is reduced
to the point of engine failure. The thermal stability
of jet fuels is affected not only by the temperature, but
also by the residence time of the fuel in the heated zune.
Since fuel-flow rates decrease with increasing altitude,
the problen becomes more severe at high altitudes
where both higher fuel temperatiires and longer resi-
dence times -are encountered. The éeffect of dissolved
oxygen on-the filter-clogging characteristics of three
JP—4 and two JP-5 fuels was studied at 300° to 400° F.
in a bench-scale rig employing filter paper as the filter
medium. : :

Synthesis and Analysis

Only recently have accurate thermochemical data on
boron-containing molecules become available. The
date have been used to calculate the electronegativity
of boron and the boron-to-boron bond energy which
were used to compute the average bond energies
Dew(B-Z) from the Pauling electronegativity equation.
The calculated values of Dgn(B-Z) were compared with

" experimental values, and the differences between the

values have been interpreted in teims of partial double-
bond character and resonance in BZ; ¢compounds.

Recent measurements of the lattice constarnts of the
alkali metal borohydrides make possible a theoretical
calculation of the lattice energies of NaBH,, KBH,,
RbBH,, and CsBH,. The entropies and free energies
of the reactions of BH3(g) and B,Hg(g) with H-(g) to
form BH, (g) can also be calculated. Thése various
thermodynamic properties were obtained in an investi-
gation.?’

2 See paper by Rosenblum listed on p. 78.
3 See paper by Altschuller listed on p. 76.
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COMBUSTION

Fundamentals of Combustion

Although conditions which may lead to the spon-.

taneous ignition of fuels have been a subject of investi-
gation for many years, the results of various researchers
are in most instances not directly comparable, since
the experimental conditions at the point of ignition
may vary. An attempt was made to clarify in par-
ticular the effects of such parameters as fuel and
oxygen concentration, pressure, temperature, and inert
diluents on ignition delay. Furthermore, such data
may help to elucidate the chemistry of the ignition
reactions. Reactants were mixed at the desired tem-
perature in a time much shorter than the ignition lag.
The results on propane flames were obtained over a
wide range of fuel percentages at atmospheric pressure
and temperatures from 520° C to 740° C.

The spontaneous ignition temperatures of eight
structurally different hydrocarbons were determined
and correlated with the behavior of the same hydro-
carbons toward vapor-phase oxidation (Technical Note
3579).

Much work has been done on the relative ease of
oxidation of hydrocarbons, but the similarity in suscep-
tibility to oxidation of the different bonds within the
hydrocarbon molecule makes it difficult to isolate the
separate steps in the reaction. The introduction of a
metal atom into a molecule may add certain bonds
* which are more easily attacked by oxygen than the
remainder of the molecule, and, hence, it may be
possible to follow more readily the initial attack on
the molecule by oxygen. Because of its similarity to
carbon, silicon is a reasonable metal atom to use in
such a study. Consequently, several alkylsilanes were
prepared, and a study of the oxidation properties of
these fuels was conducted.

In spite of the expanded efforts on combustion re-
search in recent years, there is relatively little informa-
tion on the detailed mechanism of the combustion of
metals. The gross physical mechanism of the com-
bustion of relatively small quantities of magnesium
metal was studied in order to determine whether a vapor
phase or surface mechanism is involved; further, to
examine the effect of the composition of the oxidizing
atmosphere, both as a matter of general interest and to
determine if such studies might be informative as to the
details of the physical and/or chemical processes
involved.

A previous investigation resulted in a theory of spark
ignition in nonturbulent and turbulent flowing gases
using long-duration discharges. This theory is based
on ‘thermal processes and relates the spark discharge
energy with gas density and velocity, electrode spacing,
spark duration, intensity of turbulence, and constants
of the fuel. A recent study was conducted to show the
effect of fuel-air ratio and initial temperature on spark-
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ignition energy and to apply these results to this de-
veloped theory of ignition. Data were obtained at a
pressure of 5.0 inches of mercury absolute, gas velocity
of 50 feet per second, low-turbulent flow condition, and
with long-duration spark discharges.

Flame quenching may be studied by simple experi-
ments. A flame is introduced into one end of a tube
filled with a combustible mixture. The flame will
either burn through the length of the tube or will be
extinguished- (quenched) by the tube. Experiments
show that the ability of a flame to get through the tube
depends on the following factors: (1) pressure; (2) tem-
perature; (3) kind of fuel, oxidant, and inert diluent;
(4) relative concentrations of fuel, oxidant, and inert
diluent; and (5) cross-sectional shape and size of the
tube. Recently, a diffusional quenching equation was
proposed. This equation correlates the effect on
quenching of such diverse factors as fuel type, tube
geometry, fuel and oxygen. concentrations, and tem-
perature. A thermal analog of this equation has been
developed and shown to correlate the same quenching
data satisfactorily, The two equations predict effects
of different extent when helium is replaced by argon in
an inflammable mixture. Thus, comparisons with ex-
periment should indicate which of the two approaches
is more useful. .Consequently, a study was made of the
effect produced by replacement of helium by argon on
the quenching of propane-oxygen-inert flames.*

Recent flame-quenching research has indicated that
there should be a set of simple relations among the
various channel geometries which are capable of just
quenching a given flame at a given pressure. In an

" Investigation recently conducted and reported, the fol-
lowing points were discussed: (1) The derivation of a
set of equations which predict the relations among the
dimensions of a number of simple geometries capable of
just quenching a given flame at a given pressure and (2)
the evaluation of several of these relations by deter-
mining experimentally the wall quenching of downward-
propagating propane-air flames as a function of fuel-air
ratio and pressure for rectangular slots, cyhnders and
cylindrical annuli.®

With the growing interest in high-speed combustion
systems in which the attainment of greater heat-release
rates per unit volume is demanded, it becomes more
important to know how faster-burning fuel-air mixtures
can be obtained. It has long been known that one
way to increase the burning rate of a gaseous mixture
is to preheat it. The question arises as to how far this
process of increasing the flame velocity by increasing
the initial temperature can be carried. - Therefore, a
study was made to (1) determine experimentally
whether the flame velocity is affected by contact time
between fuel and air at temperatures previously studied,
(2) extend propane-air flame velocity data to higher

4 See paper i)y Potter and Berlaql listed on p. 78.
8 See paper by Berlad and Potter listed on p. 76.
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temperatures, (3) increase contact times and tempera-
tures until appreciable effects of slow oxidation on
flame velocity were observed, and (4) obtain informa-
tion on the major products of the slow oxidation in
near-stoichiometric propane-air mixtures as deter-
mined under steady-state flow conditions.

Space-heating-rate measurements can yield informa-
tion useful in characterizing turbulent combustion.
Technical Note 3277 indicates that for Bunsen burner
flames stabilized over a field of pipe-induced turbu-
lence, the space-heating rate was decreased with in-
creasing linear flow and burner diameter and was
independent of pilot conditions. Turbulent burning
velocities over the same flow range were correlated by
linear velocity at constant burner diameter, but the
variation with burner diameter could not be expressed
by a simple correlation.

For laminar flames, the determination of burning
velocity is fairly direct because the reaction zone is thin
and stream tubes may be identified. Turbulent
flames, however, are not so easily characterized in this
way. Even when a turbulent flame is stabilized, the
volume occupied by the fluctuating reaction zone-is
large compared with the volume of a laminar flame
zone. A characterization parameter, the space rate,
for turbulent flames has been defined.® Measurements
show that the space rate is directly proportional to the
laminar burning velocity and indirectly proportional to
the burner diameter. The space rate multiplied by the
heat of combustion gives directly the heat-release rate
per unit volume of space needed for the combustion.

The effect of turbulence on the propagation of a free
flame has recently been investigated and reported. In
this study free flames were spark ignited in a flowing
turbulent stream of combustible gas. The propagation
rate of the free-flame globule was observed photo-

graphically and with ionization gaps which defined the.

cone swept out by the globule as it was carried along
by the stream.

‘Jet engine requirements have increased the need for
understanding the mechanism governing the high volu-
metric heat-release rates of a fuel-air mixture. The
burning velocities of premixed open propane turbulent
flames and the effect of turbulence and turbulent-flow
parameters on a variety of these flames was studied
(Technical Note 3575).

The turbulent mixing of mass and heat is of major
importance to the performance of jet-engine combus-
-tors. For example, mixing is largely responsible for the
preparation of desired fuel-air mixtures and also affects
the overall combustion process. In Technical Note
3570 an experimental comparison is presented between
the Lagrangian and Eulerian correlation coefficients in
the homogeneous isotropic central core of a turbulent
pipe flow. The Lagrangian correlation coefficient was
characterized by measurements of the turbulent diffu-

¢ See paper by Simon and Wagner listed on p. 79.

sion of helium from a point source. The general
objective of this investigation was to determine rela-
tions between turbulent-mixing theory and experiment
that would provide sufficient information for the direct
solution of practical mixing problems.

Low-volatility fuels, such as JP-5, are desirable for
use in high-altitude jet engines from the standpoint of
low fuel-tank losses. Also they present less fire
hazard, under some conditions, than currently used
JP-4 fuel. The very low evaporation rate of such
fuels, however, may yield poor combustor performance.
Therefore, knowledge of the factors that affect the
evaporation rate of JP-5 fuel is useful to the combustor
designer. A continuous sampling-probe technique was
used to determine the percentage of JP-5 fuel spray
evaporated under conditions common in ram-jet
engines. .

Experimental and calculated mass and temperature
histories of fuel drops vaporizing with a constant
velocity relative to the air were determined and
reported in Technical Note 3490. Under some condi-
tions the unsteady state or time required for the drops
to reach the wet-bulb temperature is an appreciable
portion of the total vaporization time.

The burning of clouds of particles, such as those
existing in fuel sprays, has received relatively little
attention because of the difficulty of the problems.

- With respect to theory, there are such complicating

factors as interaction between drops, extinction of
flame surrounding drops at high relative drop-air
velocities, and complex turbulent systems such as those
existing in the combustion chamber. There may be
conditions under which diffusion is no longer the con-
trolling element, and the rate of chemical reaction
becomes dominant. A discussion of those factors
normally associated with diffusion flames is presented.
In addition, the efficiency of combustion of liquid fuels
in turbojet combustors as affected by fuel volatility,
spray characteristics, and the burning rate of single
drops is treated.

The use of liquid fuels in combustion systems involves
the processes of atomization, evaporation, mixing, and
burning. In some systems, atomization, evaporation,
and mixing of fuel and air may be accomplished
sufficiently remote from the flame that the principles of
gaseous combustion are applicable. Usually, however,
the small available combustion volumes and residence
times preclude the separation of these individual steps,
and burning occurs in the presence of liquid fuel which
acts as a local source of combustible. Although the
usual liquid-fuel combustion system involves a simul-
taneous occurrence of all these steps, much of the
published research deals with only the individual steps
in the use of liquid fuels. This is necessary because of
the great complexity which results when the problems
of atomization and evaporation are added to the al-
ready difficult problem of combustion. The status of
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research pertinent to the combustion of sprays is pre-
sented with the intention of indicating fruitful areas for
further research.

A number of theories have been proposed to explain
the mechanism by which smoke is formed in diffusion
flames, but at present no definite and completely con-
sistent theory seems to be available. With the belief
that still more experimental work might be helpful in
understanding the overall mechanism, several experi-
mental projects were undertaken. - Smoke formation
was investigated from the standpoint of the effect of
pressure, fuel type, external airflow, rate, oxygen
enrichment, argon substitution in extérnal air, and fuel
temperature. The experimental results were inter-
preted to indicate a possible step involved in the early
stages leading to smoke formation. The understanding
gained from these experiments, together with informa-
tion from the literature, has been used to postulate a
possible and relatively complete méechanism of smoke
formation.

A comparison of the reaction kinetic processes of

several aliphatic hydrocarbons with those of heptane
and isooctane is presented in Technical Note 3384.
This study included work on the behavior of olefines
and exploratory work on the effect of surface-volume
ratio on the extent of early stage oxidation of the
hydrocarbon.
" In aircraft operations there is a need for potent fire-
extinguishing agents. In addition to potency, the
agents must have properties that make them suitable
for use in aircraft environments. For-example, the
corrosiveness, freezing point, toxicity, and electrical
conductivity must be considered. The chemical mech-
anism chosen for study is that of chain-breaking reac-
tions between agent and active particles (hydrogen and
oxygen atoms and hydroxyl radicals). The action of
halogenated agents in preventing flame propagation in
fuel-air mixtures in laboratory tests is discussed in
Technical Note 3565.

Aerodynamic mixing is an important factor in fuel-air
preparation, combustion, and exhaust-gas mixing in jet-
engine combustors. Bécausé of its importance, it is of
interest to investigate aerodynamic mixing under- flow
conditions commonly found in combustors. Although
jet-engine combustors often have extremely intense
sound fields, little atténtion has been given to the effect
of sound-wave disturbances on ‘aerodynamic mixing.
Technical Note 3760 describes a theoretical and experi-
mental investigation of the aerodynamic mixing of heat
by standing sound wave downstream of a continuous
line source.

In many technical problems involving heat transfer,
the thermal conductivities of gas mixtures are required,
often under conditions in combustion systems where
measurement is difficult or impossible. An empirical
technique for estimating conductivities of mixtures of
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nonpolar gasés is presented.” Thérmal condiictivities of
& mixture may be estimated quickly; only the composi-
tion of the mixture and conductivities of component
gases are required. Accuracy is coriparable to that of
the more complicated methods which have been
previously proposed. .

- A Enowledge of the combustion temperature or of the
quantity of fuel required to obtain & specified combus-
tion temperature is necessary in the performance anal-
yses of turbojet and ram-jet enginies. With dissociation,
the ideal combustion temperature is dependerit 6n com-
bustion-pressure level. Nomographic c¢harts;, from
which the ideal temperature rise or the idéal quantity
of fuel required for a specified combustion temperature
may be obtained for a ¢omprehensive range of operating
conditions of turbojet- and ram-jet eiigines; have been
prepared. These charts are applicablé only to a fuel
having a hydrogen-carbon mass ratio of 0.168, which
closely approximates the fuel presently uised in most
turbojét and ram-jet engines. The charts are based
on a constant-pressure adiabatic combustion procéss
covering & range of fuel-air ratios from 0 to 1.2 fraction
of stoichiometric, 4 rangé of combustion pressures from
1/16 to 64 atmospheres, and a range of inlet-air tempera-
tures from 400° to 1600° R.

Comb_ustion-Chamber Research

In the_’calc’;ulatiop of total-pressure loss and liner air-
flow distribution for turbojet and can-type ram-jet
combustors, it is essential to know the discharge coeffi-
cients of combustor-liner wall openings. A study was
madé to determine theé effects of various geometric and
flow factors on theé discharge coefficients for circular °
holes having flow parallel to the plane of the hole
(Techriical Note 3663). The geometric and flow factors
considered were hole diameter, wall thickness at the
hole, parallel-flow duct height, boundary-layer thick-
ness, para,llel-ﬂow velocity, static-pressure level, and
pressure ratio across the test hole.

Because the effectiveness of the turbojet engine in-
creases with flight speed and altitude, the service re-
quirements of turbojét engiries demand operation at
even higher and higher altitudes and flights speeds.
The problem of maintaining high combustion efficiency
is one of the most important problems of -altitiude
operation. The research approach to the problem has
involved both systematic investigations of the effect of
individual variables on combustor performance and
attempts to relate fundamental combustion parameters
such as fuel-spray characteristics, ignition limits, and
flame speeds to the observed combustor performance.®
* While performance studies of various gas-turbine
combustors have yielded a large amount of combustor
performance data, no method has been presented for

7 See paper by Brokaw listed on p. 76.
# See paper by Olson, Childs, and Jonash listed on p. 78.
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correlating these data in terms of fundamental param-
eters. An empirical correlation of the combustion
efficiency data previously obtained in experimental
investigations with fourteen aircraft gas-turbine com-
bustors has been developed. A theoretical analysis
based on the kinetics of a bimolecular chemical reaction
is also presented which, with additional assumptions
regarding the mechanism of the combustion process,
yields the correlation parameter previously obtained by
empirical means.

The low pressure and low temperature encountered
at altitude result in reduced combustion efficiency. An
explanation of this effect in terms of basic processes is
one of the goals of fundamental combustion research.
Therefore, an investigation was made to determine the
importance of molecular-scale processes in the overall
turbojet combustion process. Attempts were made to
correlate combustion efficiency with selected funda-
mental combustion properties and with a simplified
reaction-kinetics equation.

In order to determine the relative importance of the
basic processes involved in the overall turbojet com-
bustion mechanism, a study was conducted of the effect
of oxygen concentration of the inlet oxygen-nitrogen
mixture on the combustion efficiency of a J33 single
combustor operating with gaseous propane fuel.

Experimental investigations with both turbojet and
ramjet combustors have shown that combustion effi-
ciency is adversely affected by the high velocities at
which these combustors are required to operate and by
the low pressures and low inlet temperatues encountered
at high altitudes. A theory of the jet-engine combus-
tion process is therefore needed in order to explain these
effects and to indicate the design approaches that are
most promising for alleviating these adverse effects. A
preliminary theoretical treatment of the combustion
process as it occurs in turbojet combustors has been
completed.

The trend in afterburner and ramjet-combustor
development for increased thrust has resulted in com-
bustors that operate at higher pressures, higher com-
bustion temperatures, and higher velocities. With the
dévelopment of these high-output combustors, the
phenomenon known as screech has been widely en-
countered. Screech derives its name from the high-
pitched audible sound produced. Other manifestations
of screech are high-frequency pressure oscillation in the
combustor and an increased rate of heat transfer, which
have resulted in rapid deterioration or failure of com-
bustor shell, flameholder, and other combustor parts.
Screech instrumentation has therefore been developed
and the mechanism of screech studied in a 6-inch-
diameter simulated afterburner (Technical Note 3567).

Violent lateral oscillations which often occur in the
combustion chambers of rocket and jet engines are
analyzed.®
WMaslen and Moore listed on p. 78.
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The formation of carbon in turbojet combustors
presents a number of major engine operational problems.
Carbon deposition on walls, fuel-injector nozzles, and
ignitors affects combustion efficiency, altitude opera-
tional limit, and ignition characteristics of the combus-
tor. Also, the distorted airflow and fuel-flow patterns
which result from carbon deposits frequently cause
warping and burning of the combustor liners. Carbon
dispersed in the gas stream as smoke would also be
objectionable in military operations where smoke trails
remaining in the wake of jet-powered aircraft may be
easily detected. An investigation was therefore con-
ducted to determine the effect of systematic variations
in inlet-air and fuel parameters on the smoking char-
acteristics of a single tubular turbojet-engine
combustor.

Research has been conducted on design and operating
factors which may affect ignition limits of combustors
and improve the altitude starting characteristics of
turbojet engines. Prior studies have evaluated the
influence of fuel volatility, spark-plug location, and
spark energy on ignition characteristics in both full-
scale turbojet engines and single-combustor installa-
tions. In addition to these factors, still another vari-
able, spark-repetition rate, must be considered in the
study of ignition limits. Data have been obtained for
two fuels of different volatility, two spark-energy levels,
and three airflow rates in the range of altitude engine-
windmilling conditions.

An understanding of the basic processes controlling-
combustion in a ram-jet engine is one of the ultimate
goals of research. Research into the combustion
mechanism was continued by determining the variation
of combustion efficiency with several pure fuels and
fuel blends in a simple ram-jet-type combustor. Com-
bustion-efficiency data were obtained for a 5-inch
ram-jet-type combustor employing a simple V-gutter
flameholder over a range of inlet static pressures and
velocities.

Combustion in a ram-jet engine, or other engines
requiring a similar high-speed combustion, may be
considered to be a stepwise process. An attempt to
evaluate the importance of any one of the steps in
controlling the rate of the overall process is obviously
difficult in a system in which all the steps vary simul-
taneously. It is possible to investigate the combustion
process separately from the fuel preparation by the
use of homogeneous fuel-air mixtures. Such an experi-
mentally idealized system does not necessarily represent
a practical ram-jet-type combustor, but will con-
tribute to a better understanding of high-speed com-
bustion processes for such an application. Combustion-
efficiency data have been obtained from a 5-inch-
diameter combustor employing a straight V-gutter
flameholder and & simple cone flameholder. The data
obtained cover a range of inlet static pressures, tem-
peratures, and velocities for four fuels.
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The maintenance of stable and efficient combustion
with low-drag combustors at high heat-release rates
is an important objective. The phenomenon of surface
combustion and its coincident high reaction rates is
well known; however, the process normally involves
high pressure losses, which prohibit the conventional
use of surface combustion in a ram-jet combustor.
The beneficial effects on stability limits and combustion
efficiency produced by the application of surfaces
immersed in the combustion zone to a ram-jet type
burner have been determined. Investigations were
made with one, two, three, and four rows of wedges at
simulated sea-level and at altitude subsonic ram-jet
flight conditions.

A study was made of combustor design factors
leading to a sufficiently high heat release and low
internal drag to power a high-thrust, low-drag ram-jet
engine. Two design principles investigated were the
use of flameholders that employed incandescent sur-
faces heated by immersion in flame and the elimination
of the separate fuel-air mixing length by injecting the
fuel directly at the upstream end of the flameholder.
The scope of this investigation included a series of
flameholders designed to provide a high combustion
efficiency in a 4- by 8-inch ram-jet combustor 24 inches
long at an inlet-air velocity of 200 feet per second,
inlet-air pressure of 60 inches of mercury absolute,
inlet-air temperature of 200° F, and near stoichiometric
fuel-air ratio. :

Several investigations have been made on the
operational characteristics of the V-gutter flameholder.
These studies demonstrate that fuel distribution exerts
an important influence on combustor performance. At
lean overall fuel-air ratios, the fuel distribution has a
greater effect than that of flameholder geometry upon
combustor performance. The primary objective of this
work was therefore to determine the effect of com-
bustion on the diffusion coefficient in the fuel prepara-
tion zone and to design, with the aid of this information,
a combustor that will provide the fuel-air distribution
necessary for efficient combustion at lean fuel-air ratios.

Jet-engine combustion-chamber design must conform
to many requirements specified by carbon deposition,
liner temperature, size, combustion stability, tempera-
ture profile, pressure drop, and combustion efficiency.
Many of these requirements may be evaluated by
inspection and simple measurements, but evaluation
of temperature profile, pressure drop, and combustion
efficiency entails more elaborate research instrumenta-
tion. An automatic polar-coordinate traversing system
for determining jet-engine combustor performance was
devised (Technical Note 3566). A combined tempera-
ture and pressure probe is swept circumferentially
through a quarter-annular exhaust duct at selected
radial positions. Data are recorded as a function of
probe position.  This method furnishes complete

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

temperature, pressure, and flow profiles with a single
probe.

LUBRICATION AND WEAR

Fundamentals of Friction and Wear

The lubricated parts of turbine engines and aircraft
components are required to operate at continually
increasing temperature levels. This trend is un-
avoidable where higher performance engines and
greater flight speeds are the. ultimate objectives.
Adequate bearings, seals and lubricants must be
available for operation at these high temperature
levels.

To fill the lubricant need, silicone-diester blends
were formulated on the basis of fundamental studies
on lubrication with silicones. Because it had excellent
viscometric properties and relatively good- thermal
stability, one blend (SD-17) was considered as a
possible turboprop-engine lubricant. It was found
to be a very good gear lubricant. The blend per-
formed satisfactorily in more than 17 hours of operation
at moderate power levels during a functional check
in a T-38 turboprop engine. However, subsequent
studies showed the blend to be subject to foaming
at bulk oil temperatures (300° F) necessary for high-
performance turbojet engines. Under foaming con-
ditions and at high temperatures, excessive oxidative
and thermal degradation occurred.

Halogen-substituted methane and ethane gases
continue to be of interest as high-temperature boundary
lubricants. Because the functioning of these gases
depends on chemical reaction between chlorine atoms
of the decomposed gas and the surfaces being lubri-
cated, the bearing materials are very important.!
With steel surfaces, the best results were obtained
when both slider surfaces were of nearly the same
hardness. Modified H-Monel and beryllium copper
were successfully lubricated by difluoro-dichlorometh-
ane; in both cases the mating material was hardened
tool steel. Other common bearing materials such as
silver were not lubricated by the gas. Boundary
lubrication by gases appears feasible for temperatures
up to 1,000° F.; few known liquids have any promise
for lubrication of bearing surfaces operating at tem-
peratures above 700° F.

Because solid lubricants are among the most promis-
ing high-temperature lubricants, an experimental fric-
tion study was made using graphite and mixtures of
graphite with lead oxide, cadmium oxide, sodium
sulfate, or cadmium sulfate as solid lubricants. Runs
were made at temperatures to 1, 000° F. with various
steel and Inconel combinations (Technical Note
3657).

Graphite powder lubricated metal surfaces at tem-
peratures sufficiently high to promote oxidation of the

10 See paper by Murray, Johnson, and Swikert listed on p. 78.
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metal surfaces. At intermediate temperatures, graphite
powder alone failed to function as a lubricant. Graph-
ite would not lubricate cast Inconmel on Inconel X
at temperatures between approximately 150° and 800°
F. Similarly, with steel, which oxidized more readily
than Inconel, the temperature below which graphite
would not lubricate was 475° F. as compared with 800°
F. for Inconel. Mixtures of some metallic compounds
and graphite were effective lubricants from room
temperature to 1,000° F. In some room-temperature
experiments, Cdl; and CdCl, were effective solid
lubricants for titanium.!

The usefulness of liquid lubricants has been seriously
impaired by oxidation at engine operating tempera-
tures., One method of minimizing this problem is to
obtain more effective sealing of the lubrication system
and thereby limit the amount of air to which the lubri-
cant is exposed. Sliding-contact seals are necessary
for closed lubrication systems. Wear and friction
studies were therefore made to show the effects on
performance of temperature, type of mating material,
and minor composition changes in typical carbon-seal
materials (Technical Note 3595). Wear of carbon-seal
materials increased rapidly with temperatures between
400° and 700° F. The effect of temperature on wear
was reduced by using chromium-plated steel as the
mating surface rather than stainless or tool steel.
In general, the type of carbon and impregnation of the
carbon-seal material had little effect on wear compared
with the effect of the mating material. -~

Bearing Research

The effect of air and nitrogen atmospheres on the
temperature limitations of liquid and solid lubricants
was studied using small ball bearings.’? All lubricants
tested in both nitrogen and air atmospheres were
effective to higher temperatures in a nitrogen atmos-
phere, and the solid lubricants (molybdenum disulfide
and graphite) were best. Both graphite in air and
molybdenum disulfide in nitrogen were effective to
1,000° F. These studies, which showed that the limit-
ing temperatures of liquid lubricants could be extended
by preventing oxygen from the atmosphere from con-
tacting the lubricant, led to further tests to determine
the role of oxygen. The results of an investigation
to determine the effect of oxygen concentration in the
atmosphere on 0il lubrication of small ball bearings at
high temperatures are reported.’®* The results showed
that a 20-millimeter-bore ball bearing will run at tem-
peratures to 850° F. with oil lubrication if the oil flow
exceeds a critical amount.

Early detection of bearing failures in bearing research
is important because detection of incipient failure early
enough can often avoid a total failure, and additional

11 Sea paper by Peterson and Johnson listed on p. 78.
12 See paper by Nemeth and Anderson listed on p. 78.
13 See paper by Nemeth and Anderson listed on p. 78,
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information on the cause of failure can be obtained. In
contrast to the slow response of temperature, the second
derivative of temperature with respect to time (the
acceleration) . reaches a high positive value before
significant temperature changes are noticed. Accord-
ingly, an instrument for measuring the magnitude and
sign of temperature acceleration was developed and
found to be effective in detecting incipient bearing
failures in 75-millimeter-bore roller bearings."* Incipient
failures were reproduced by shutting off the oil flow,
and in each test it was found that temperature accelera-
tion gave a faster warning than temperature, motor
torque, or noise level. Total failures were thus avoided
when using temperature acceleration as a warning
device.

An experimental investigation of eccentricity ratio,
friction and oil flow of long and short journal bearings
was conducted at Cornell University under NACA
sponsorship and is reported in Technical Note 3491.
The data provide charts of plain bearing performance
which cover the range of length-diameter ratio of ¥ to 2.

COMPRESSORS AND TURBINES

Compressor Research

As part of the investigation of the fundamental nature
of compressor stall, a theory of stall propagation was
developed and reported in Technical Note 3580. Ex-
perimental results obtained from a stationary circular
cascade and a single-stage axial-flow compressor indicate
that the theory predicts propagation velocities within
25 percent over a wide range of wave lengths.

To obtain a better understanding of the stall phe-
nomenon by providing detailed information regarding
the stall mechanism, pressure, temperature, and flow
fluctuations, an investigation of the rotating-stall
characteristics of a compressor with a 0.9 hub-tip
radius ratio was undertaken. A study of a rotor having
2-0.9 hub-tip ratio (no guide vanes or stators) showed
stall patterns consisting of two, three, and one total-
span stall zones developing in that order upon reduc-
tion of flow coefficient. The one-stall-zone pattern
caused the most severe pressure, temperature, and flow
fluctuations (Technical Note 3518). The rotating-stall
characteristics of the 0.9 hub-tip-ratio stage were ex-
tended to include several guide-vane rotors and guide-
vane rotor-stator configurations. Guide vanes having
turning angles of —22.5°, 0°, 22.5°, and 40° were used.
Results indicate that the initial rotating-stall point,
number of stall zones formed, and stall propagation
rate of & configuration depend not only upon blade-row
inlet angle and pressure-rise characteristic but also upon
the overall characteristics of the multiblade row unit
as well. The addition of stators to a particular guide-
vane-rotor configuration generally increased the flow
coefficient where rotating stall was initially encountered

4 Ses paper by Schmidt and Anderson listed on p. 78.
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and lowered the stall propagation rate. The number of
stall zones formed in the annulus did not appear to
depend upon guide-vane turning or the presence of
stators (Technical Note 3711).

Incompressible two-dimensional flow was analyzed
specifically to establish simplified equations and con-
siderations that may prove useful in the estimation of
profile losses and in the correlation of experimental data
in the low-speed two-dimensional cascades. The rel-
ative importance of the various factors entering the
loss relations was evaluated and relations were obtained
for the mixing-loss ratio and for the effect of trailing-
edge thickness (Technical Note 3662).

Information was obtained (Technical Note 3568) on
the average pressure indicated by a total-pressure probe
subjected to a stagnation pressure that alternates pe-
riodically between two constant values. The errors were
reduced when the probe design was such as to ensure
laminar-flow pulsations in the probe at all times. The
averaging error was minimized when the inside diam-
eter of the probe entrance tube was made as small as
possible and its length as great as possible consistent
with an acceptable time lag. :

Turbine Aerodynamics

The smoke-visualization studies of the secondary-
flow in turbine-blade passages have been continued by
investigating secondary flow in the rotor-blade. tip re-
gion of a low-speed turbine. The present investiga-
tion (Technical Note 3519) was conducted to obtain a
visualization of the tip-flow phenomena and to deter-
mine which factors of blade geometry and tip condition
influence the types of secondary-flow behavior encoun-
tered at the blade tip. Results of the investigation in-
clude qualitative information on tip-clearance flow,
crossflow, and scraping flow and should aid in extending
the study to higher air speeds.

An analysis was derived (Technical Note 3651) for
three-dimensional boundary-layer flow over a flat sur-
face with a leading edge under main-flow streamlines
which are representable by polynomial expressions.
The boundary layers are laminar and incompressible,
and the profiles of their velocity components have simi-
larity with respect to their rectangular coordinates.
Solutions were obtained for main-flow streamlines repre-
sentable by polynomials up to the eleventh order.
Flow-visualization experimental checks of the theory
are provided for several flow configurations and for
comparisons of the behavior of thick and thin boundary
layers.

One of the principal objectives of turbine research is
a better understanding of the fundamental nature of the
flow and the loss sources encountered in turbomachine
blade rows. The effect of compressibility on the loss
characteristics downstream of two-dimensional turbo-
machine blade rows is therefore analyzed in Technical
Note 3515. Equations are derived for obtaining the
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compressible-flow boundary-layer characteristics for a
simple power-velocity distribution. Loss coefficients
at the blade trailing edge are then obtained in terms of
these characteristics. Finally, overall loss coefficients,
including the effect of mixing downstream of the blade
row, are obtained in terms of these characteristics.

Turbine Cooling

Gas-to-gas heat exchangers find many uses in modern
aircraft and missiles. Usually, a large number of calcu-
lations must be carried out for the design of such a heat
exchanger. It is, therefore, of advantage to have a
simple method available by which the dimensions of the
heat-exchanger core can be rapidly calculated. Such
a calculation procedure is described in Technical Note
3655. The dimensions of the core of a gas-to-gas cross-
flow heat exchanger with prescribed heat-transfer sur-
face can be determined rapidly.

The problem of selecting heat-exchanger configura-
tions for optimum performance was investigated. The
fluid on one side of the exchanger was assumed to have
negligible heat-transfer resistance, and the amount of
heat exchanged per unit time and the mass flow and
inlet state of each fluid were prescribed. Any one of
the parameters,. power expended, weight, volume, or
frontal area, can be optimized with respect to any one
of the three remaining parameters when the heat ex-
changer is arranged normal to the approaching primary
fluid. When the heat exchanger is inclined at an angle
to the upstream direction, any one of the parameters,
power, weight, or volume, can be optimized with re-
spect to any one ‘of the two remaining parameters.
With this arrangement, the projected frontal area of
the inclined heat exchanger will be equal to that of the
heat exchanger requiring the minimum duet cross-sec-
tional area when arranged normal to the primary fluid
flow (Technical Note 3713).

Experimental investigations of free-convection effects
on heat transfer for fluids flowing vertically through
tubes with small and large length-to-diameter ratios
were made by NACA and the Massachusetts Institute
of Technology, respectively. However, the data from
the two investigations were not analyzed on the same
basis. In Technical Note 3584, therefore, experimental
heat-transfer data for the turbulent flow of fluids
through stationary vertical tubes with both small and
large length-to-diameter ratios (to 40) are compared.
The limits of the different regions, originally established
for a tube with small length-to-diameter ratio, apply
on the basis of existing data to a tube with large length-
to-diameter ratio.

The literature contains many investigations on
wedge-type flow, including results for fluids with differ-
ent Prandtl numbers flowing through porous flat plates.
A summary of exact solutions of the laminar boundary-
layer equations for wedge-type flow, useful in estimat-
ing heat transfer to such arbitrarily shaped bodies as
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turbine blades, is presented in Technical Note 3588.
The principal results are restricted to a Prandtl number
of 0.7 at the wall and are presented for large tempera-
ture changes through the boundary layer adjacent to
a constant-temperature wall and for small temperature
changes through the boundary layer adjacent to a wall
of either a constant or a variable temperature.

Blade Vibration and Flutter

The problem of the failure of compressor blades in
the stall region has become more acute in recent years
with the greater use of high-compression-ratio engines.
A study of the vibrations occurring in the stall region is
described in Technical Note 3581. A compressor-type
annular cascade of airfoils was used to determine the
effects of varying the angle of attack, blade chord and
spacing, number of blades, and air velocity on the
vibrations.

The phenomenon of rotating stall or stall flutter in
axial compressors is discussed in Technical Note 3571
by means of an unsteady boundary-layer analysis.

Heat Transfer

Knowledge of the flow characteristics of various
liquids in passages having both circular and noncircular
cross sections is important in the removal of heat from
nuclear reactors. An experimental investigation of the
flow patterns in & narrow vertical enclosure was there-
fore made. A shadowgraph was used in the investiga-
tion to study the free-convection flow of water in the
narrow enclosure, which was cooled at the top through
a copper surface and open at the bottom to a heated
reservoir. This visual inspection of flow patterns
yielded information on the steadiness of flow patterns
with time, the size and uniformity of the various upflow
and downflow regions, and the direction of flow veloc-
ities with particular attention to nonvertical com-
ponents. The dominating characteristics of the flow
patterns were instability and change.

It is often desirable to use short passages in heat
exchangers in order to take advantage of the high
heat-transfer coeflicients in the entrance region. The
effect of various factors on the turbulent heat transfer
and friction in the entrance regions of smooth passages
was investigated analytically.’® The influence of Reyn-
olds number, Prandtl number, initial velocity distribu-
tion, wall boundary condition, passage shape, and of
variable fluid properties was predicted. The results
indicated that approximately fully developed heat
transfer and friction are, in general, attained in an
entrance length of less than 10 diameters. Substantial
agreement between analysis and experiment was ob-
tained for heat transfer to air in the entrance regions
of tubes and parallel plates.

1 See paper by Deissler listed on p. 77.
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ENGINE PERFORMANCE AND OPERATION

Turbine Engines for Helicopters

The gas-turbine engine shows considerable promise
as a solution to the propulsion requirements of the
high-performance helicopter. These requirements are
(1) high ratio of rotor power available to engine weight,
(2) speed-power characteristics that permit a rela-
tively free choice of rotor tip speeds, (3) satisfactory
fuel economy over a wide range of speed and power
settings, and (4) dynamic response characteristics that
are suitable to transitional flight operations. In a
number of prior investigations thesé requirements were
shown to be more nearly satisfied by the free-turbine
engine than by the fixed-turbine engine.

An analysis of fixed- and free-turbine engines appli-
cable to helicopter propulsion was made. Calculated
performance characteristics of the two engines are
presented in Technical Note 3654 in terms of the
appropriate equivalent parameters. FPerformance com-
parisons are drawn for off-design-point and altitude
conditions of engine operation. The behavior of the
engines during rapid power and speed modulation and
their dynamic response characteristics when coupled to
8 helicopter rotor are also examined.

The flow with heat addition in which a body force
acts transverse to the flow is treated in Technical Note
3594. The results may be applied to low with heat
addition in pipe bends, through helicopter rotor-tip
combustors, and through ram jets in abrupt maneuvers.

Foreign-Object Damage

Severe damage to jet engines may result from the
impact of foreign objects on compressor and turbine
blades. An investigation was therefore undertaken to
determine the effect of typical impact damage on the
fatigue strength of jet-engine compressor blades.
First-stage compressor-rotor blades from a production
engine which had suffered foreign-object damage were
fatigue tested at the endurance limit of the blade
material. The number of cycles to failure was corre-
lated with the depth, location, frequency, and type of
damage. The most serious damage to the blades, as
measured by the reduction in fatigue strength, resulted
from nicks at the leading and trailing edges in the
vicinity of the maximum-vibratory-stress section of the
airfoil. The strength of dented blades could be restored
by reworking, but seriously nicked blades could not be
reliably restored (Technical Note 3275).

Ground and Flight Investigations of Ram-Jet
Engines

An investigation was conducted in a blowdown jet -

of a 6.5-inch-diameter ram-jet engine at Mach numbers

of 1.81 and 2.00. The engine was demonstrated to have

wide combustion limits, reliable ignition character-
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istics, and good combustion efficiency when operated
on ethylene (C;H,) fuel. The same type of engine was
used to perform flight tests. The flight investigation
covered Mach numbers from 1.9 to 3.0 and altitudes
from 1,800 to 40,900 feet. Good agreement with the
static test performance was obtained. The engines
operated reliably until the fuel was expended. During
the ﬂlght tests, the engines accelerated the test vehicle
at & maximum acceleration of 3.6g.

Miniature Ram-Jet Engine

In order to facilitate the determination of jet effects
in wind-tunnel model tests at supersonic speed, a small
(1.1-inch-diameter) ram-jet was designed and its
performance was investigated. The engine, which
burned a gaseous fuel, was operated over at Mach num-
bers from 1.42 to 2.28 and at Reynolds numbers which
were equivalent to an 18-inch-diameter ram-jet flying
at an altitude of 74,000 feet. Reliable operation was
obtained over a wide range of thrust coefficients and
fuel-air ratios. Spark ignition was demonstrated to be
rapid and reliable.

Thrust Reversal

Many uses for thrust reversers on jet aircraft have
been proposed. They include braking the landing
roll, reversing or spoiling thrust during the landing
approach so that maximum engine speed may be
maintained, and braking during diving maneuvers to
limit flight speed. To be used effectively, the reverser
must give the desired amount of reverse thrust without
affecting engine operation. Also, the design must lend
itself to stowage with a minimum amount of boattail
-or base drag.

As part of an overall investigation of thrust reversers
and their associated problems, studies were conducted
with cold flow on thrust reverser models. This work
was done on a small-scale unheated-air-duct setup
equipped with a 4-inch-diameter exhaust nozzle.

The performance of a hemispherical thrust reverser
over a range of geometric variables and some of the
factors that affect reverse-thrust performance have
been obtained. The effects of several simplifications
to the hemispherical design are also shown. The
effects of most of the design variables of the reverser
were obtained at an exhaust-nozzle total- to ambient-
pressure ratio of 2.0. The basic data over a wide
range of conditions are also included, however, so
that other comparisons may be made.

The performance of cylindrical-type thrust reversers
and the effects of several modifications on their per-
formance were investigated at an exhaust-nozzle
pressure ratio of 2.0. These modifications include
changes in frontal area, width-to-height ratio, depth,
lip angle, end-plate depth, and end-plate shape. The
performance of swept-type cylindrical thrust reversers,
the relation of reverse-thrust ratio to reversed-flow
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attachment, and thrust-modulation characteristics were
also investigated.

Preliminary data were obtained on the performance
of several cascade-type thrust reversers located up-
stream of the exhaust nozzle up to an exhaust-nozzle
pressure ratio of 2.4. Such reversers are herein referred
to as the tail-pipe-cascade type. A total of 15 different
tail-pipe-cascade configurations were investigated.
These included two blade shapes, several cascade length-
to-span ratios, and various innerbody lengths. Basic
airflow characteristics and reverse-thrust ratio are
plotted against exhaust-nozzle pressure ratio for all 15
configurations at full reversal. For some of the
configurations, modulation performance and surveys of
total pressure and flow angle were obtained at the
cascade discharge.

Technical Note 3664 presents the types of thrust
reversers investigated under the overall NACA pro-
gram, summarizes the important performance char-
acteristics, and presents proposed operation methods.
Three types of reversers were investigated, target, tail-
pipe cascade, and ring cascade. The effects of design
variables on performance, reversed-flow fields, and
thrust-modulation characteristics were determined for
each type.

The performance of & hemispherical target, which
is a basic thrust-reverser type, was evaluated in full-
scale tests (Technical Note 3665). A turbojet engine
equipped with such a device was pylon-mounted under
the wing of a cargo airplane, the installation simulating
that on a jet bomber or transport. The thrust reverser
was operated at both stationary and taxi conditions,
but the airplane was not flown. In addition to obtain-
ing the performance of the thrust reverser, the heat-rise
patterns and rates resulting from impingement of the
reversed hot gases on a simulated lower wing surface
were also measured. Because, during stationary opera-
tion, some of the hot reversed gases penetrated as far
forward as the engine inlet and were reingested, taxi
tests were conducted to estimate the ground speeds
required to disperse the reversed gas flow and prevent
reentry into the engine inlet.

Ducts

Size and weight penalties of air-induction systems
would be decreased by the development of efficient short
subsonic diffusers. Preliminary tests on a series of
such diffusers employing various flow control devices
have been completed. :

Engine Controls

In order to facilitate consideration of control systems
for two-spool turbojet engines, a brief analysis of the
linear response characteristics of this type of engine is
presented in Technical Note 3274. The analysis is
concerned with the linear responses of the two spools
to changes in turbine-inlet temperature at constant
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exhaust-nozzle area and to changes in exhaust-nozzle
area at constant turbine-inlet temperature.

General equations of response are developed from
linearization of functional relations. The general equa-
tions are then evaluated at design speed by means of
representative engine thermodynamic relations. The
resultant equations are corroborated with experimental
data.

POWER-PLANT MATERIALS

High-Temperature Materials

Improved performance of turbojet engines and the
realization of nuclear-powered weapons is to a large
degree dependent on the development of materials
capable of withstanding severe conditions of corrosion,
temperature, and stress. Research is continuing in an
effort to improve existing materials and to develop new
materials to fulfill these conditions.

Many intermetallic compounds have for some time
been of interest for high-temperature application. How-
ever, there is very little generalized knowledge by
which the potentialities of materials in this category can
be evaluated. To build up a background of informa-
tion from which theories can be formulated, as well as to
provide specific data on an intermetallic of interest,
Ni;Al was studied. This material is of particular inter-
est because of its high melting point and stability at
high temperatures. An investigation (Technical Note
3660) of the effects of homogenization and of composi-
tion on the tensile properties of as-cast NizAl inter-
metallic phase alloys showed that the tensile strengths
of these alloys at both room and elevated temperature
are very sensitive to composition, structure, and grain
size. ‘

For high-temperature applications, many brittle
alloys, cermets, and ceramics are of interest. In order
to utilize these materials in advanced turbojet engines,
improved methods of fastening, designed to reduce
bending stresses and to minimize stress concentrations,
are required. An improved cermet bladed design,
utilizing a curved root, was developed. This design
eliminates the need for a blade platform and results in
significantly reduced stresses.

Recent efforts to develop alloys of superior elevated-
temperature creep resistance have heightened interest
in the function of grain boundaries in creep, both
because coarse grained materials are found to exhibit
greater creep resistance at high temperature and be-
cause high-temperature creep is usually intergranular.
The gliding of one metal crystal with respect to another
parallel to their mutual grain boundary has been
studied in pure aluminum bicrystals (99.95%, Al,
balance copper, iron, chromium, silicon, and magnesium)
during isothermal creep at temperatures ranging from
200° to 650° C under static stresses from 10 to 1,600 psi
(Technical Note 3556). The mechanism of grain
boundary gliding was found to be a coordinated alterna-
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tion of slip and recovery in a chain of subgrains along
the grain boundary which was highly sensitive to
crystal orientation. It was postulated that the addi-
tion of alloying elements should affect the process most
markedly in those respects relating to the occurrence of
recovery. Consequently, studies of the effects of Cu
(0.1 to 3 percent) on Al were made (Technical Note
3678). It was found that the minimums in stress and
temperature, below which grain boundary motion does
not occur, increase regularly with the copper content,
as would be expected if recovery is necessary for move-
ment. Otherwise, the effects, if any, of the copper
solute upon grain boundary displacement and its rate
were too small for identification by the experimental
technique employed.

The mechanism responsible for the bonding of
ceramics to metals has been under study for several
years. Earlier work was concerned with the manner
in which adherence develops when cobalt ions are
present in the coating, using radioactive cobalt 60 as a
tracer technique. A similar study of the effect of
nickel dipping on adherence has been conducted using
radioactive nickel 63, produced by pile irradiation of
highly purified cobalt-free nickel (Technical Note
3577). It may be concluded that the nickel from the
nickel dip remains as metal at the enamel-metal inter-
face as it does not oxidize during the firing treatment.
Further, the presence of nickel from the nickel dip had
little or no effect on the deposition of cobalt metal
during firing. A further study of the influence of
copper ions on adherence of vitreous coatings to stain-
less steel has been completed (Technical Note 3679).
In general, the presence of copper ions in the coating
produced a significant increase in adherence. How-
ever, this effect decreased with increased firing time and
temperature.

Stresses Research

The thermal-shock problem is of vital importance in
jet engines, nuclear powerplants, rockets, and high-
speed missiles subjected to aerodynamic heating.
Since structural damage may be caused by rapid
temperature changes, there is a need for a better
understanding of the factors affecting the thermal-
shock resistance of materials. Two theories predicting
the thermal-shock resistance of brittle materials are
described and compared with experimental results.'®
Equipment for testing specimens over a wide range of
heat-transfer coefficient is described and four inde-
pendent methods of determining the thermal-shock
parameter are shown. A simple approximate method
for computing transient thermal stresses in hollow
cylinders, plates, and hollow spheres is reported.”
These bodies were used to approximate the more com-
plex configurations found in practice. The method

18 See paper by Manson and Smith listed on p. 78.
17 See paper by Mendelson and Manson listed on p. 78.
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makes use of polynomial approximations to the tem-
perature distribution. Using these approximations
reduces the partial differential equations of the problem
to first~order ordinary differential equations, making
possible practical solution of the problems in relatively
little time.

In tension or creep testing, misalinement between
the specimen axis and the loading axis can influence the
results by causing a bending stress to be superimposed
on the applied tensile stress. This bending stress is
particularly important when materials of limited

ductility such as some of the very high-strength creep-

resisting alloys and cermets are used. Conventional
testing equipment permits considerable misalinement,
which varies in an uncontrollable manner from test to
test. This variation introduces scatter into the test
results. A new axial-lloading creep machine was
developed that reduces the misalinement to & minimum
and represents a large improvement over conventional
equipment.®

Physics of Solids

In order to continue the advanced development of
materials for aircraft applications, a basic knowledge
of the solid state must be acquired. Physics-of-solids
research is designed to gain a greater understanding of
solids on an atomic and microstructural level in those
areas related to the mechanical, corrosion, and tem-
perature properties of materials.

Because of the presence of oxygen atoms in rocket-
engine and reactor atmospheres, it is important to con-
sider the effect of oxygen atoms on the oxidation rate of
metals. An investigation has been mad¢ of this effect
on platinum. The rate of surface oxidation was found
to be markedly increased by the presence of oxygen
atoms. Surface oxidation was examined at 1000° C
and a pressure of 0.50 millimeter of mercury under
such conditions that ionic sputtering was insignificant.
The reaction was found to obey a linear law, and oxygen
atoms were shown to be at least 400 times more reac-
tive than oxygen molecules.’® In studies of the oxida-
tion of metals at high temperatures, an accurate method
of measuring the extent of oxidation is necessary. The
conductometric method has been successfully applied
to the oxidation of iron at approximately 600° C. Iron
ribbons of known thickness were used in the tests and
the conductance of the central portion of the specimens
was measured by the potentiometer method. A con-
stant current of 50 milliamperes, small enough to
prevent heating even in vacuum, was used. The con-
ductometric method gave a true measure of the extent
of oxidation, which is in agreement with the gravimetric
method. An analytical method of measuring the
amount of unoxidized iron remaining in the specimens
is briefly described.

18 See paper by Jones and Brown listed on p. 77.
19 See papers by Fryburg listed on p. 77.
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It has been known for many years that surface cracks
play a large part in decreasing the strength of materials
below the theoretical maximum value. The presence
of such cracks was previously inferred by indirect
methods. It is shown that the erystallization behavior
of metallic films deposited on alkali-halide, single-
crystal surfaces allows a direct method of observing the
formation of cracks on surfaces.® This method was
used to measure the rate of crack formation at various
temperatures.

The nature of solid surfaces is important in deter-
mining the physical properties, such as strength, of
solids. An investigation was conducted to clarify the
effects of radiation on the surface of brittle materials.
Electron-diffraction studies have shown that after suffi-
cient irradiation the surfaces of sodium chloride crystals
break up into small crystallites, which exhibit pre-
ferred orientations. The irradiation time required to
produce surface damage is much greater for water-
polished crystals than for untreated ones. The results
are discussed on the hypothesis that the large increase
in vacancy concentration accompanying F-center for-
mation may aid in relieving strains and result in re-
orientation of blocks of ions.?

The effect of vacancy and F-center concentration,
as produced by X-irradiation, on the room-temperature
creep properties of NaCl single crystals has been studied.
Under a load of 1.200 grams per square millimeter,
logarithmic creep behavior was noted for both annealed
and quenched crystals before or after irradiation. Ir-
radiation with 50-kilovolt X-rays was found to have a
marked effect on both initial deformation and subse-
quent creep, .causing an initial softening followed by
hardening as irradiation is continued. The behavior
after irradiation can be explained on the basis of the
changes in vacancy concentration and distribution
that accompany F-center formation. Experiments in
which the vacancy concentration was changed by
quenching from various temperatures indicate that the
creep rate may depend in a simple way on the number
of vacancies.”

Further work on color-center precursors is reported.
It was previously found that NaCl crystals which had
undergone electrolysis, but which remained colorless,
were much more sensitive to irradiation with X-rays.
Recent work shows that these same properties exist in
NaCl crystals when they are colored additively and
then bleached by electrolysis.

An insight into the nature of the state of cold-worked
alloys is provided. Measurements were made of the
resistivity and thermoelectric power of samples of
AuCu in various nonequilibrium states. One set of
samples was disordered by quenching from 750° C, and
annealing curves were obtained at various tempera-

2 See paper by Metz and Lad listed on p. 78.
31 See paper by Leider listed on p. 78. '
22 See paper by Lad and Metz listed on p. 77.
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tures. A second set was first ordered and then cold-
worked essentially to complete disorder, and annealing
curves were taken at several temperatures. It follows
from the detailed results that to specify the state of an
alloy, it is necessary to give, in addition to resistivity
and thermoelectric power, at least one other quantity
such as the coefficient of magnetoresistivity.

Near the melting point, solids may be disordered
sufficiently so that they could be described by the
methods-of-liquid theory. One of the difficulties in
liquid theory is the computation of the potential energy
of a molecule in the liquid. A method of computing
this energy has been devised which is based on a knowl-
edge of the radial-distribution function and the inter-
molecular-potential-energy function. Calculations for
argon indicate that the method gives satisfactory re-
sults. The unique properties of the MgCd alloy sys-
tem afford a convenient ‘“‘testing ground” for the vari-
ous theories of ordering in binary alloys. An experi-
mental investigation of the specific heat of this system
as a function of temperature was carried out with an
adiabatic vacuum calorimeter.

In studying the fundamental properties of some semi-
conducting materials, it was found that the electro-
motive force developed parallel to the gradient of light
absorption in germanium crystal is reduced by the ap-
plication of a transverse magnetic field.

The logarithmic expression for the temperature de-
pendence of viscosity satisfactorily describes the be-
havior of a large number of normal liquids but fails
when applied to associated liquids. A method is given
for deriving the temperature dependence of viscosity
by considering the molecule to consist of two force
centers, an ordinary van der Waals force center, and a
dipole center. The resulting equation is successfully
applied to a number of associated liquids. The rela-
tion between this equation and vapor pressure is also
deduced, and results are given for water.

In designing nuclear reactors, calculation of neutron
flux distributions and the critical mass is essential. The
fuel elements consist of thin strips of uranium adjacent
to moderator material or of solutions of enriched ura-
nium salt in a liquid moderator. The analysis is usu-
ally simplified by assuming the fuel and moderator to be
homogeneously mixed. In practical assemblies, the
core may consist of repetitive “cells” in a fuel-moderator
assembly. These are much less than the order of a
mean free path, so that solutions of a higher order than
diffusion theory are required to evaluate departures
from homogeneous conditions. The steady-state diffu-
sion-theory solutions and the next higher order approxi-
mation of several self-shielding problems have been
obtained for multiregion cells of rectangular and cylin-
drical geometry (Technical Note 3661). The neutrons
were assumed to be monoenergetic, and their distribu-
tion function was assumed to be dependent only upon
one spatial coordinate. A spherically symmetrical
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scattering in the center of the mass system was also as-
sumed. The solutions of the diffusion theory and the
transport-theory flux equations were obtained by a
differential analyzer. Additional results were obtained
by approximating the effects of molecular binding in
the water molecule. The thermal neutron flux distribu-
tions were used to compute the ratio of total absorption
in uranium to the total absorption in the cell.

Additional studies of the multiple scattering of slow
(less than 100 kiloelectronvolts) alpha-particles were
made. These studies had previously been neglected
because of the difficulty of introducing the particles
into apparatus with known energies. This difficulty
was overcome by first passing the alpha-particles
through a velocity selector and then through a thin
nylon window into the cloud chamber. For charged
particles of medium energies, the experimental data and
the theory are in reasonable agreement. For low-energy
nuclear particles, however, there is no adequate theory
and there are very few data.®

ROCKET ENGINES

Propellants

A continuing interest in hydrocarbon fuels and liquid
oxygen as rocket propellants is assured by favorable
logistics and relatively high specific impulse. Theo-
retical rocket performance for frozen composition during
expansion was calculated for the propellant combination
of JP—4 fuel and liquid oxygen at two chamber pres-
sures and several pressure ratios and oxidant-fuel ratios.

A knowledge of flame propagation limits is necessary
for designing combustors and specifying pressures, com-
positions, and temperatures in which a given gaseous
fuel-oxidant combination will burn. With respect to
theory, flame propagation limits are important because
they can be correlated with other combustion param-
eters and thus aid in the fundamental understanding
of combustion. Flame-propagation limits of propane
and n-propane in oxides of nitrogen were obtained
(Technical Note 3520) at subatmospheric pressures in
a 2-inch-diameter by 48-inch-length tube.

Experiments in which the rocket propellant, crude
N-ethylaniline (monoethylaniline) and mixed acid (nitric
plus sulfuric), failed to ignite satisfactorily at low tem-
perature indicated the necessity of a knowledge of the
self-ignition properties of certain rocket propellants at
low temperatures as well as at moderate temperatures
inasmuch as rockets may be required to start at high
altitudes or under arctic conditions. An investigation
was therefore conducted to determine possible rocket
fuels that ignite spontaneously at low temperatures
with mixed acid (nitric plus sulfuric) in a more reliable
manner than crude N-ethylaniline. Experiments were
also conducted at sea level and at a pressure altitude of
approximately 55,000 feet at various temperatures in

2 See paper by Allen, Webeler, and Barile listed on p. 78.
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order to determine the starting characteristics of a
commercial 220-pound-thrust rocket engine using crude
monoethylaniline and other fuels with mixed acid.

The freezing points and low-temperature fuel-igniting
properties of fuming nitric acids are of current interest
because of 8 demand to extend the use of these oxidants
to rockets operating at low temperature. The inter-
related effects of water, from O to 10 percent by weight,
and nitrogen tetroxide, from 0 to 25 percent by weight,
in fuming nitric acid were studied with respect to the
freezing points of the acid and the ignition delays with
several fuels. Several possible chemical causes for the
opposing effects of water and nitrogen tetroxide on
ignition have been proposed.

Ignition delays of several propellant combinations
obtained with a modified open-cup apparatus and a
small-scale rocket engine of approximately 50 pounds
thrust were compared to study any correlations that
might exist between the two methods of ignition-delay
determination. The results were used in determining
the relative utility of each apparatus.

The literature pertaining to the preparation, physical
properties, corrosiveness, thermal stability, constitu-
tion, and analysis of various nitric acids has been re-
viewed primarily with respect to their use as rocket
oxidants. Conflicting data are evaluated and recom-
mendations for additional experimental work are
indicated.

Numerous studies have been made of the vapor
pressure of essentially pure nitric acid and of the binary
system, nitric acid-water. Data for the ternary system,
nitric acid-water-nitrogen dioxide, are for the most
part lacking. Work was therefore undertaken to pro-
vide more complete vapor-pressure data for the ternary
system at physical equilibrium. Mixtures containing
71 to 97 weight-percent nitric acid, 0 to 20 percent
nitrogen dioxide, and 0 to 15 percent water were used.*

Because the storage of fuming nitric acids presents a
serious operating problem, means for improving the
storage properties of this acid were sought. The storage
properties of fuming nitric acids, with and without
additives, were studied at a temperature of 170° F in
closed containers of approximately 100-milliliter capac-
ity; the containers had aluminum bodies and stainless-
steel caps.

Among the storage properties of fuming nitric acid,
corrosion and decomposition are of foremost concern.
Additional information concerning the effectiveness of
fluorides as corrosion inhibitors in fuming nitric acid was
therefore obtained. It was found that for acids con-
taining no fluorides, the weight loss of aluminum was
approximately one-fifth that of stainless steel. Addi-
tion of 1-percent fluoride ion to the acid reduced the

* See paper by Mc¢Keown and Belles listed on p. 78.
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weight loss of both metals to practically zero even after
26 days of exposure to the acid at 170° F. Additional
information concerning the effect of fluorides on corro-
sion was obtained by measuring the electrode potentials
of the metals against a platinum reference electrode.

Rocket Combustion

Ignition-delay determinations of several fuels with
nitric-acid oxidants were made at simulated altitude
conditions from sea level to 100,000 feet utilizing a
small-scale rocket engine of approximately 50 pounds
thrust. Included in the fuels were aniline, hydrazine
hydrate, furfuryl alcohol, furfuryl mercaptan, turpen-
tine, and mixtures of triethylamine with mixed xylidines
and diallylaniline. Red-fuming, white-fuming, and
anhydrous nitric acids were used with and without
additives.

The rocket phenomenon known as screaming often
causes chamber, injector, or nozzle burnout failures and
has been observed to increase the specific impulse.
Rocket-engine screaming is a type of combustion-driven
oscillation, with frequencies from 1,000 to 10,000 cycles
per second, and is characterized by an audible wailing
exhaust sound, by a bluish almost-invisible exhaust jet
in which the shock positions oscillate (making the shock
pattern appear fuzzy to the eye) and by.increased heat
transfer to the chamber surfaces. The high-frequency
oscillations have been attributed to a combustion-rein-
forced pressure wave passing through the chamber and
reflecting from the chamber surfaces to trigger the
succeeding combustion surge. The frequency would
therefore be governed by the velocity of wave propaga-
tion and the geometry of the chamber. A simplified
analysis, based on the concept of acoustical resonance,
has been developed to correlate scream frequencies with
chamber geometry in terms of experimentally measur-
able quantities. The derived parameter is substan-
tially independent of propellant combination or oper-
ating conditions.

The application of radiation-measurement techniques
to the determination of gas temperatures in the flame
resulting from liquid propellant reactions has recently
been investigated. Such techniques are desirable in
rocket combustion and injector design studies because
they permit the study of conditions in a flame zone
without disturbing the flow and without the necessity
of maintaining a probe in the chamber. Radiation-
temperature measurements were made throughout the
flame developed within an open-tube combustor using
liquid oxygen and a heptane-turpentine mixture as the
reactants.?* The temperature measurement utilizes
carbon radiation from the flame.

2 See paper by Auble and Heidmann listed on p. 76.
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AIRCRAFT CONSTRUCTION

Problems associated with the structural integrity of
aircraft in the subsonic and lower supersonic range are
‘many and complex. Aerodynamic heating resulting
from greater speeds continues to add & host of new
problems and to complicate those of a long standing
nature further. The need for increased research in the
field of aircraft construction is evident.

The NACA, during the past year, has continued its
efforts on the important problems associated with
structural strength, efficiency, loading, flutter, fatigue,
and materials under normal temperatures. It has also
developed research tools and techniques for investi-
gating aircraft under the elevated-temperature condi-
tions encountered in high-speed flight. Further, it has
succeeded in defining and exposing new thermal prob-
lems which future high-speed aircraft will encounter
and has found solutions to certain of these problems.

Most of this research has been performed at the
NACA laboratories with additional assistance provided
by educational and other nonprofit institutions under
contract to the NACA. A description of the Commit-
tee’s recent unclassified research in the field of aircraft
construction is given in the following pages and is
divided into four sections: (1) Aircraft Structures;
(2) Aircraft Loads; (3) Vibration and Flutter; and (4)
Aircraft Structural Materials.

AIRCRAFT STRUCTURES

Static Properties

The use of integrally stiffened skins on aircraft is
increasing because of the possibilities of saving weight
and eliminating rivets and bolts. Compared with
riveted-on stiffeners, integral stiffeners participate more
fully with the skin in resisting external loads but,
because of this action, may lead to an undesirable
coupling of plate distortions for certain proportions and
loading conditions. " The nature of this problem is
discussed in Technical Note 3646 where the modifica-
tions to the equations for stress distribution and
deflection are made to account for the effects of coup-
ling. Conditions under which the effects of coupling
are significant are given in this paper.

Because engineering beam theory fails for deflection
analysis of thin low-aspect-ratio wings, the development
of efficient methods of analysis has become a problem.
A matrix method based on energy principles for obtain-
ing influence coefficients is presented in Technical Note
3640. The required matrices may be set directly from
the data of the wing design. The necessary calcula-
tions have been arranged to take full advantage of
automatic computing machines.

The thick-skin multiweb box beam is representative
of wings of high-speed aircraft. Experimental data
and strength analysis of this component are presented

in Technical Note 3633. The combinations of design
parameters which lead to minimum structural weight
for various values of a loading index are given. The
results are presented in such a manner that the lightest
weight structure which satisfies wing-stiffness require-
ments can be found.

Classical theories of the structural strength and
stability of plates assime that the plate deflections
experienced are small in comparison with the plate
thickness. In order to evaluate the inaccuracies
resulting when this assumption is not fulfilled, Colum-
bia University has developed a nonlinear plate theory
of motion and solved the equations for certain dynamic
cases. Underlying assumptions of various plate equa-
tions have also been studied. The results of this study
are presented in Technical Note 3578.

Comparisons between the results of a theory for
calculating stresses around cutouts in stiffened cylinders
and the results of experiment are presented in Tech-
nical Note 3544. The data and the theory were pre-
viously published ani coefficients for use with the
theory have been calculated and published in Tech-
nical Note 3460. The theory takes into account the
bending flexibility of the ring stiffeners. The com-
parisons show that good agreement is obtained if this
factor is correctly accounted for.

New York University has conducted, under NACA
spousorship, a critical review of the literature pub-
lished since 1940 on buckling and failure of plate ele-
ments. The results of this review, including a com-
pilation of existing theories and experimental data, are
presented in Technical Note 3781. A similar review
has also been made at New York University of the
existing literature ou buckling of composite elements.
The results of this review are presented in Technical
Note 3782. During these reviews, general equations
for the plastic buckling of cylinders were derived.
These equations were then used to obtain solutions for
the compressive and torsional buckling of long cylinders
in the plastic region. These results, as well as com-
parisons between computed and test data, are presented
in Technical Note 3726.

An analysis of the stresses in the plastic range around
a circular hole in a plate was made both to explore
means for solving stress problems in the plastic range
and to obtain the solution of this basic problem. The
results are presented in Technical Note 3542. Calcula-
tions were made for four different materials and the
resulting stress-concentration factors are compared
with those derived from a previously developed approxi-
mate formula.

Dynamic Properties

The major role that flutter plays in the design of
high-performance aircraft requires that methods for
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computing accurate vibration modes and frequencies
be obtained. In Technical Note 3636, the investiga-
tion of the usefulness of the substitute-stringer method
for including the effects of shear lag in the calculation
of the transverse modes and frequencies of box beams
is continued. Box beams, the covers of which consist
of normal-stress-carrying stringers on sheets carrying
not only shear but also normal stress, are analyzed
exactly. Frequencies of beams with various numbers
of stringers, obtained by means of this exact analysis,
serve to determine the possible accuracy of the fre-
quencies obtained by the substitute-stringer approach.
A combined experimental and theoretical investigation
of the modes and frequencies of a large-scale built-up
box beam is reported in Technical Note 3618. For
bending vibrations, frequencies obtained from an
analysis of a substitute-stringer structure which in-
cludes the influence of transverse shear deformation
and shear lag were found to agree very well with those
obtained experimentally. In the case of torsional
vibrations, the frequencies obtained from either an
elementary or a four-flange beam analysis which
includes the effects of restraint of warping were found
to be in satisfactory agreement with the experimental
frequencies.

The vibration characteristics of hollow thin-walled
rectangular beams have been investigated to obtain
insight into the factors affecting the modes and fre-
quencies of wings. The experimental results from this
study are presented in Technical Note 3463 and indicate
that the effect of shear deformation of the cross section
on the torsional frequencies can be large. Further
evaluation of this effect has been made and is presented
in Technical Note 3464. '

Thermal Properties

Rapid changes in temperature of the surface of an
aircraft can induce thermal loads in the primary struc-
ture which may have serious aerodynamic and strue-
tural consequences. The nature of this problem was
investigated by subjecting box beams which simulate
high-speed-wing structure to a high-intensity heat
source. These tests are reported in Technical Note
3474. It was found that the internal structure of the
beams provided enough restraint against expansion of
the heated skin surfaces to cause severe buckling of the
skin. Buckling of the shear webs occurred during the
cooling phase of the test when the temperature of the
internal structure exceeded that of the skin. Measured
strains were used to determine distortions and stresses
which were found to agree with a thermal stress analysis
of the test conditions.

One of the most important structural problems
resulting from serodynamic heating is the deterioration
of material properties at elevated temperatures. This
deterioration of material properties produces loss of
strength and creep of structures and can lead to weight
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increases that adversely affect the performance of
high-speed aircraft. A study has been made of the
strength and creep behavior of aircraft structural
elements at elevated temperatures to obtain methods
for predicting structural behavior from material
characteristics. One of these studies, reported in
Technical Note 3552, was concerned with the elevated-
temperature compressive strength and creep lifetime of
simply supported plates. A similar study on the com-
pressive strength and creep lifetime of skin-stringer
panels is reported in Technical Note 3647. Both
studies indicate that elevated-temperature strength of
structural elements can be predicted from methods -
available for determining room-temperature strength
provided that the appropriate stress-strain curve for
elevated-temperature material is used. Previously
reported studies of the elevated-temperature buckling
strength of structural components have indicated
similar results. The present studies also show that
creep lifetime of structural elements may be determined
from methods used to determine stractural strength if
the compressive creep properties of the material are
substituted for the material stress-strain curve. The
results make it possible to estimate the effect of creep
on the weight of structures that are designed to operate
at elevated temperatures.

The transient thermal stresses produced by aero-
dynamic heating of supersonic aircraft depend upon
the temperature distribution within the structure,
which, in turn, can be markedly influenced by the ther-
mal conductivity of any joints present. In order to
investigate the effects of joint conductivity on the
thermal stresses in aerodynamically heated skin-stiffener
combinations under various aerodynamic conditions,
a theoretical study was made. In this study an aero-
dynamic heat-transfer parameter (called the Biot
number), a joint-conductivity parameter, and geo-
metrical proportions were varied. The results, pre-
sented in Technical Note 3699, indicate that increasing
the joint conductivity beyond a certain value results
in almost no change in the maximum skin or stiffener
stresses; but, as the joint conductivity approaches zero,
the maximum skin and stiffener stresses increase
appreciably. Increasing the Biot number, an index of
the rate of transfer of external heat to internal heat,
can also cause a considerable increase in the maximum
skin and stiffener stresses. However, when the Biot
number is large (high rate of external heating), the
value of the joint conductivity is relatively unim-
portant since the structure is heated so fast that there
is no time for heat to be conducted into the interior of
the structure; the joint conductivity thus affects the
thermal stresses most significantly when the external
heating rate is low. Changing the geometric character-
istics produces results which are essentially independent
of the joint conductivity and the Biot number.

In the design of aircraft structures, where aerody-
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namic heating is encountered, knowledge of the tem-
perature distribution within the structure is of consid-
erable importance. Because interior elements of the
structure are heated by conduction through joints, the
influence of various joint properties on thermal con-
ductance has been investigated previously and reported
by Syracuse University. Before extending this investi-
gation, Syracuse University explored the influence of
joint conductance on the transient temperature distri-

bution in composite aircraft joints. Fabricated speci-

mens representative of typical skin-stringer cross sec-
tions, as well as geometrically similar specimens without
joints, were tested under aerodynamic heating condi-
tions and the results from the two sets of joints were
compared. The results, which are presented in Tech-
nical Note 3824, indicate that, in the practical case,
joint conductance must be taken into account if tem-
perature distributions throughout composite structures
are to be predicted accurately. '

Aircraft structures for high-speed flight must be de-
signed so that excessive creep deformation and creep
rupture does not occur during the design lifetime of the
structure. An understanding of the creep behavior of
structures is therefore necessary in order to eliminate
such failures. A previously reported investigation by
the National Bureau of Standards indicated that creep
deformations within joints may be responsible for a con-
siderable portion of the overall deformation of struc-
tures. However, no correlation was obtained between
the creep of a riveted joint and the creep of its compo-
nent materials. This study has now been extended and
creep-test results of & number of additional joints are
reported in Technical Note 3842. Methods are pre-
sented by which the time to rupture, the mode of rup-
ture, and the deformation of structural joints in creep
may be predicted. These methods are based upon the
creep properties.of the materials of the joint in tension,
shear and bearing.

Aircraft structural elements subjected to long periods
of heating and compressive loadings can buckle even
though the applied load is less than the critical load of
the element at the elevated temperature. This phe-
nomenon is called creep buckling. Research equipment
and techniques have been developed at the Polytechnic
Institute of Brooklyn and are presented in Technical
Note 3493. Additional creep-buckling tests of 2024T—4
aluminum alloy columns besides those published in this
report have been conducted and the results correlated
with theory.

The aircraft designer at the present time must deal
with a multiplicity of materials and material properties
which vary with temperature. It is essential, therefore,
that speedy and accurate methods for predicting the
influence of changes in material properties on structural
strength be available. Such methods are given in Tech-
nical Note 3553 and Technical Note 3600 for various
types of structural components which fail by compres-

sive crippling. The methods utilize the concept of
crippling-strength moduli which are readily calculated
from the compressive properties of the material in the
structure. Accuracy of the methods is illustrated with
experimental data obtained in various materials and
under different temperature conditions.

The transient temperature distributions produced by
aerodynamic heating of thin solid wings induce thermal
stresses that may effectively reduce the stiffness of the
wing. This is & new problem that can be a significant
factor in the aero-elastic behavior of aircraft structures.
Such reductions in stiffness have been investigated ex-
perimentally by rapidly heating the edges of a cantilever
plate. The midplane thermal stresses imposed by the
nonuniform temperature distribution caused the plate
to buckle torsionally, increased the deformations of the
plate under a constant applied torque, and reduced the
frequency of the first two natural modes of vibration.
Small-deflection plate theory, employing energy meth-
ods, predicted the general effects of the thermal stresses
but became inadequate when plate deflections were
large. Additional studies have been initiated to investi-
gate these effects.

AIRCRAFT LOADS

Basic Load Distribution

Extensive flight investigations have been made-with
the X-5 variable-wing-sweep research airplane at
Mach numbers up to 1.0 to determine the effects on
the wing and horizontal tail loads of varying the angle
of wing sweep without modifying the other character-
istics of the airplane. Up to a Mach number of 0.85,
the balancing horizontal-tail loads measured in flicht
show a consistent variation as the wing sweep angle is
increased from 20° to 59° with the greatest down tail
load occurring at sweep angles of about 36°. The wing
loads were found to have a nonlinear variation with
airplane angle of attack and to reflect the changes that
occurred in the wing characteristics. In another flight
investigation, pressure measurements over the midspan
station of the 8-percent-thick wing on the X-1 airplane
in the transonic speed range showed a rearward move-
ment of the chordwise load center with increasing
Mach number with a particularly rapid and large
movement in the Mach number range of 0.82 to 0.88.
In the Mach number range 0.95 to 1.25 at high normal
force coefficients, upper surface pressure distributions
approached a rectangular slope.

In Technical Note 3476, spanwise lift distributions
have been calculated for 61 swept wings with various
aspect and taper ratios and a variety of angle-of-attack
distributions including flap and aileron deflections.
The information presented can be used both in the
analysis of untwisted wings or wings with known twist
distributions and in aeroelastic calculations involving
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initially unknown twist distributions. The information
presented in Technical Note 3476 supplements similar
information previously given in Technical Note 3014
for unswept wings so that the two papers cover all
practical plan forms.

A method for computing the span loads and the
resulting rolling moments for sideslipping wings of
arbitrary plan form in incompressible flow is presented
in Technical Note 3605. The basic method requires
mechanical differentiation and integration to obtain
the rolling moment for a wing of arbitrary plan form in
sideslip when the span load at zero sideslip is known
The mechanical differentiation and integration can
be avoided, however, by use of a step-load method
which is also derived. A comparison of the calculated
span loads and rolling-moment parameters with avail-
able experimental data shows good agreement.

The development of new-type control devices requires
that structural design data be provided. The effects,
therefore, on the chordwise pressures and section forces
and moment coefficients near midspan of deflecting
various plain spoilers and a flap-type control with and
without an attached tab on a swept wing have been
investigated at Mach numbers from 0.60 to 0.93.

In order to design aircraft one must have a knowledge
of body effects on the wing spanwise load distribution
at all speeds. Although methods exist for predicting
such body effects on sweptback wings at low speeds,
practically no direct experimental verifications have
been available. In a recent investigation, detailed
wing pressure-distribution data that permit the desired
comparison were obtained. The data, reported in
Technical Note 3730, indicated that, although previous
methods did not satisfactorily predict body effects on
the unflapped uncambered wing, a swept-wing method
employing 19 spanwise lifting elements and control
points gave good agreement except when the wing had
deflected trailing-edge flaps or was cambered and
twisted.

Normal-force and normal-pressure distributions for
an ogive-cylinder body of revolution of fineness ratio 10
are reported in Technical Note 3716 for a free-stream
Mach number of 1.98 and an angle-of-attack range
from 0° to 20°. Comparisons of experimental and
theoretical normal-force and normal-pressure distri-
butions indicate that available theoretical methods
can be used to predict experimental results with good
accuracy for angles of attack to about only 5°. At
greater angles of attack, the normal-force distributions
differ significantly from those calculated in accordance
with theories which include methods of estimating the
effects of viscosity on the forces and moments for
inclined bodies. Analysis of the data shows that these
differences are, in general, attributable to inadequate
estimates of the magnitude and distribution of the
cross forces resulting from flow separation. A correla-
tion curve for the longitudinal distribution of the
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cross-flow drag coeflicient for laminar boundary-layer
flow has been developed and is based upon the assump-
tion that the distribution depends primarily upon the
body shape. It is believed that use of this curve for
the viscous cross-force contribution in conjunction
with first-order linear theory for the potential cross
force provides a satisfactory method for estimating
normal-force and pitching-moment characteristics for
similarly shaped bodies with laminar-boundary-layer
flow.

In Technical Note 3479, horizontal-tail loads meas-
ured in gradual and abrupt longitudinal maneuvers on
two configurations of a four-engine jet bomber are
presented. The least-squares procedures were used to
determine acrodynamic loads from strain-gage measure-
ments of structural loads. The results are anslyzed to
determine the flight values of the aerodynamic coefhi-
cients which are important in calculations of horizontal-
tail loads for comparison with wind-tunnel results.
The effects of fuselage flexibility on the loads are de-
termined and some calculations of critical horizontal-
tail loads beyond the range of the tests are compared
with the design loads. ,

Some indication of the importance of the directional-
stability characteristics of present-day high-speed air-
planes with increasing angle of attack and Mach num-
ber has become apparent from recent wind-tunnel tests.
An analysis of wind-tunnel data has shown that the
vorticity shed from the nose of the fuselage and directed
by the wing to strategic locations in the vicinity of the
vertical tail markedly affects the load on the vertical
tail in sideslip at high angles of attack and supersonic
Mach numbers. For such conditions, the directional
stability of the airplane may become negative.

Gust Loads

The collection of data with NACA VG and VGH
recorders to determine the magnitude and frequency of
occurrence of the gusts and gust loads and the operating
air speeds and altitudes of commercial transport air-
planes has been continued. The VGH data covering
about 3,000 hours of operation from two types of four-
engine transport airplanes currently in use on trans-
continental and eastern United States routes are pre-
sented in Technical Notes 3475 and 3483. The analysis
of these data indicates that the more severe gust loads
occurred for operations over the eastern portion of the
United States, a result attributable to the higher operat-
ing speeds in rough air for these operations. A related
study of approximately 70,000 hours of VG data from
six different operations of twin-engine transport air-
planes over the past eight or nine years, presented in
Technical Note 3621, indicates that the loads and gusts
were comparable with those experienced in previous
operations of the same type of airplane.

The information available on the spectrum of atmos-
pheric turbulence is briefly reviewed in Technical Note
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3540 and a method is presented for converting available
gust statistics normally given in terms of counts of
gust peaks into a form appropriate for use in spectral
The fundamental quantity for this pur-
pose appears to be the probability distribution of the
root-mean-square gust velocity. Estimates of the vari-
ation of this distribution with altitude and weather
condition are also derived from available gust statistics.
A critical problem in connection with the design and oper-
ation of missiles and airplanes capable of high-speed ver-
tical flight arises from the loads and motions experienced
when intense layers of wind shear are encountered.
As a consequence, data on the magnitude and frequency
of occurrence of the shear layers at different altitudes
and seasons were determined from U. S. Weather Bureau
rawinsonde data and are reported in Technical Note
3732. These data indicate that maximum shear inten-
sities of about 120 feet per second per 1,000 feet occur
at altitudes of about 50,000 feet during the spring and
winter seasons but occur in relatively thin layers having
thicknesses not greater than about 3,000 feet.

A method for obtaining a power spectrum of vertical
gust velocity over a wide range of wave length has been
devised and test results are published in Technical
Note 3702. A spectrum of vertical gust velocity was
measured at low altitude in clear-air turbulence having
a root-mean-square intensity of 5 feet per second for
wave lengths from 10 feet to 60,000 feet. At the higher
frequencies (short wave lengths), the power spectral
density varied at & rate which was approximately pre-
dicted by theory. The spectrum which was obtained
tended to flatten out for the longest test wave lengths.
The break frequency which provides an indication of
the scale of the turbulence occurred at a wave length
of approximately 6,000 feet.

Calculated unsteady-lift functions and spanwise lift
distributions for delta, rectangular, and elliptical wings
undergoing a sudden change in sinking speed are pre-
sented in Technical Note 3639. These data indicate
that the normalized unsteady-lift functions are substan-
tially independent of the plan form for elliptical, rec-
tangular, or moderately tapered wings, but for delta

wings the increase of lift toward the steady-state value -

is much more rapid. The results in this report corrobo-
rate the results of other investigations which show that
the rate of growth of lift tends to increase with a de-
crease in aspect ratio and that spanwise distributions
of the indicial lift seem to be independent of time for
rectangular and elliptical wings. In Technical Note
3748, reciprocal relations for unsteady flow are used to
calculate total-lift responses of wings to sinusoidal gusts
and to sinusoidal vertical oscillations. A variety of
plan forms are considered for incompressible, subsonic
compressible, sonic, and supersonic flow. A theory is
presented in Technical Note 3805 for calculating the
variation with frequency of the lateral-force and yaw-
ing-moment coefficients due to sinusoidal side gusts
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passing over the profile of a simple fuselage combined
with a vertical fin. Since slender-body theory is used,
the results are applicable to both subsonic and super-
sonic airspeeds, provided the local flow angles between
the profile and the airstream are small.

An investigation to determine the gust-alleviation
capabilities of fixed spoilers and deflectors on a trans-
port-airplane model incorporating a straight wing is
reported in Techaical Note 3705. The results indicate
about equal effectiveness (from 20 to 40 percent) of
spoilers or deflectors in reducing normal accelerations
in rough air through reductions in lift-curve slope.
Both devices were also equally effective in decreasing
the airspeed through increased drag. In Technical
Note 3746, the wing and horizontal-tail loads and spar
strains measured on a twin-engine light transport air-
plane, modified by a gust-alleviating device for passen-
ger comfort, were presented. The results presented are
aq initial analysis of samples of measurements obtained
in clear-air turbulence with the alleviation system both
off and on. Although the alleviation system was not
optimum, the root-mean-square normal acceleratioa at
the airplane center of gravity was reduced by 43 per-
cent and the wing bending strains were reduced, but
wing-shear strains and horizontal-tail shear and bending
strains were increased.

Landing Loads

In Technical Note 3541, a method is presented for
statistically deriving contact vertical velocities of air-
planes from measurements of maximum incremental
center-of-gravity acceleration at contact. Probability
curves of derived velocities for a test airplane when
compared with curves of measured velocities show a
difference of less than 0.2 foot per second throughout
the velocity range covered in the investigation. A sta-
tistical comparison of the landing-impact velocities of
the first and second wheel to touch ground from about
350 transport landings is reported in Technical Note
3610. The comparison indicates that the mean verti-
cal velocity at the instant of contact was about the
same for either wheel but that the probability of a
high value of vertical velocity was somewhat greater
for the second wheel to touch than for the first. The
effect of the rolling velocity of the airplanes at the
instant of initial contact was to increase the vertical
velocity of impact of the wheel toward which the air-
plane was rolling regardless of whether it was the first
or second wheel to touch. There appeared to be no
definite influence of the ratio of landing-gear tread to
radius of gyration of the airplanes on the relative ver-
tical velocities of the first and second wheels to touch,
as would be expected from theoretical considerations.

Technical Note 3604 reports results of tests made to
determine the lateral or cornering force, drag force,
torsional moment or self-alining torque, pneumatic cas-
ter, vertical tire deflection, lateral tire deflection, wheel
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torsion or yaw angle, rolling radius, relaxation length,
‘tire footprint area, and variation of unloaded tire
radius with inflation pressure for two 26- by 6.6-inch,
type VII, 12-ply-rating tires. Data were recorded for
conditions of rectilinear-yawed rolling over a range of
inflation pressures and yaw angles at the rated vertical
load and at twice the rated vertical load. Vibration
" tests were made to determine the dynamic lateral
elastic characteristics of the tires. During rectilinear-
yawed rolling, the normal force generally increased
with increasing yaw angle within the test range, the
variation of normal force with yaw angle differed for
the two vertical loads tested, the pneumatic caster was
a maximum at small yaw angles and tended to decrease
with increasing yaw angle, and the sliding drag coefli-
cient of friction tended to decrease with increasing
bearing pressure.

A comprehensive correlation, evaluation, and ex-
tension of linearized theories for tire motion and wheel
shimmy has been made and is reported in Technical
Note 3632. It is demonstrated that most of the pre-
viously published theories represent varying degrees
of approximation to a summary theory developed
therein which is a minor modification of the basic
theory of Von Schlippe and Dietrich. In most cases
where strong differences exist between the previously
published theories and the summary theory, the pre-
viously published theories are shown to possess certain
deficiencies. Comparison of the existing experimental
data with the predictions of the summary theory pro-
vides a fair substantiation. Some discrepancies exist
however, which may be due to tire hysteresis effects or
other unknown influences.

Theory indicates a sharp increase in the hydro-
dynamic load as the dead-rise angle approaches zero.
There have been, however, few experimental data
available for verifying the loads predicted by theory for
angles of dead rise below 20°. Results of a brief inves-
tigation of the loads in smooth water for 10° angle of
dead rise are reported in Technical Note 3608 and are
compared with theory for immersed hydrodynamic
impact of nonchine bodies. The trend of the experi-
mental variation of load-factor coefficient, draft co-
efficient, time coefficient and velocity ratio is in good
agreement with the theoretical variation.

Technical Note 3619 presents data showing the
effect of horizontal restraint of carriage mass in experi-
mental testing facilities upon the general theoretical
equations of motion for the prismatic body during a
hydrodynamic impact. The data indicate that the
carriage mass has little effect for the low trims, since
at this condition the resisting water force has only a
small component in the horizontal direction, but for
the higher trims the effect is appreciable. For the
more usual seaplane-design conditions, that is, approach
parameters larger than 1.0 and trims up to 15°, the
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maximum correction for any of the coefficients is 10
percent or less.

Research Techniques

It is frequently desirable to predict the loads that
would be experienced with more hazardous control
motions or flight conditions than those for which test
data exist. Accordingly, considerable effort has been
expended in developing and comparing various methods
by which such predictions can be made. Fourier and
Laplace transforms and the type of analyses used in
studies of servomechanisms have been used extensively
in this development. It appears from the work ac-
complished that the concept and use of a unit impulse
as a research technique has considerable merit. Simple
and rapid methods for determining the time response to
8 unit impulse from frequency-response data and for
evaluating the Fourier transform as a function of time
have been derived and are presented in Technical
Note 3598. These methods are applicable to linear
functions for which Fourier transforms exist, which is
usually the case in the treatment of airplane maneuvers.
In Technical Note 3701, the method developed in
Technical Note 3598 is compared with several other
methods of obtaining the time response of linear sys-
tems to either a unit impulse or to an arbitrary input
from frequency-response data. The comparisons in-
dicate that most methods gave good accuracy when
applied to a second-order system; the main difference
is in the computing time. In general, the method of
Technical Note 3598 was advantageous in all respects,
since it was more accurate and required less time.

VYIBRATION AND FLUTTER
Flutter

The sonic and supersonic speeds of modern aircraft
plus their use of relatively flexible thin wings and
stabilizers have caused flutter to assume a more im-
portant role in aircraft design. In addition to research
on the flutter characteristics of typical aircraft con-
figurations, research is also being carried out to under-
stand better the aerodynamic, structural, and inertial
considerations inherent in flutter.

On the basis of an analysis of a large quantity of
flutter data taken from subsonic, transonie, and super-
sonic wind tunnels and from rocket- and bomb-drop
tests for a wide variety of wing plan forms, a criterion
was derived which permits a rapid estimate of the
probability of flutter for lifting surfaces. This criterion
groups the significant parameters into simple geometric
dimensions and structural properties. Another simple
criterion was developed for stall flutter.

A number of swept wings having systematic varia-
tions in plan form and structural characteristics have
been flutter tested in transonic and supersonic wind
tunnels to establish the effect of various parameters
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on flutter and to serve as a basis for evaluating ana-
lytical procedures. Because of the large number of
parameters involved, this is a large test program and
is still underway.

An alternative to the testing of a systematic series of
wind-tunnel models in order to establish the influence
on flutter of elastic and inertial structural characteristics
is to employ an analog computer whose electrical
elements and behavior approximate the elements and
dynamic behavior of the structure. Such an analog
study has been carried out at the California Institute
of Technology and is discussed in Technical Note 3780.
Four wings representative of those of current aircraft
were considered and the effects of changes in bending
and torsional stiffnesses, mass distribution and angle of
sweep on the flutter characteristics were determined.
A sufficient number of cases were treated to establish
the trend over a sizeable range for each parameter.

As reported in the Forty-First Annual Report, 1955,
a theoretical study of the flutter of -two-dimensional
panels was reported in Technical Note 3465. More
recently, flutter of panels mounted on the wall of a
supersonic wind tunnel was obtained at a Mach num-
ber of 1.3. It was found that, at the flow conditions of
these tests, increasing the tensile forces in the panel
was effective in eliminating flutter, as was shortening
the panels or increasing their bending stiffness. No
apparent systematic trends in the flutter modes or
frequencies could be observed, and it is significant that
the panel flutter sometimes involved higher modes and
frequencies. The presence of a pressure differential
between the two surfaces of a panel was observed to
have a stabilizing effect. Initially buckled panels were
more susceptible to flutter than panels without buckling.
Buckled panels with all four edges clamped were less
liable to flutter than buckled panels clamped only on
the front and rear edges.

In Technical Note 3638, a preliminary theoretical
investigation of the panel flutter and divergence of
infinitely long, unstiffened and ring-stiffened, thin-
walled, circular cylinders is described. Linearized
unsteady potential-flow theory was utilized in con-
junction with Donnell’s cylinder theory to obtain
equilibrium equations for panel flutter. Where neces-
sary, a simplified version of Fliigge’s cylinder theory
was used to obtain greater accuracy. By applying
Nyquist diagram techniques, analytical criteria for the
location of stability boundaries were derived. This
report also includes a limited number of computed
results.

One of the most troublesome types of flutter is that
involving oscillations of a control surface at transonic
speeds, commonly referred to as buzz. In Technical
Note 3687, results of wind-tunnel tests of three wing
models are presented and it is shown that a large range
of change in density of the test medium had little effect
on the initial magnitude and initial Mach number of
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buzz. The buzz frequency decreased somewhat with
decrease in density. The Mach number corresponding
to the onset of buzz decreased as the wing angle of
attack was increased. Mass balance and changes in
spring stiffness changed only the oscillation frequency.
The test results indicated that placing the aileron at
the wing tip delayed the onset of buzz to higher Mach
numbers. A comparison of the experimental results
with two published empirical analyses showed only
qualitative agreement.

Designers of thin aireraft wings must consider the
possibility of wing torsion flutter at high angles of
attack, which is referred to as stall flutter. The results
of an exploratory, analytical, and experimental study
of some of the factors which might be of importance in
the stall-flutter characteristics of thin wings are pre-
presented in Technical Note 3622. The factors con-
sidered were Mach number, Reynolds number, density,
aspect ratio, sweepback, structural damping, location
of the torsion node line, and presence of concentrated
tip weights. The importance of aerodynamic torsional
damping on the stall flutter of thin wings was demon-
strated by comparison of the regions of negative
torsional damping measured on a spring-mounted model
with the regions of flutter. The results of a sertes of
experiments on a thin wing tested at various spans
indicated that compressibility alters the stall-flutter
characteristics and that these effects depend upon
aspect ratio. A brief study of the inertia effects of con-
centrated weights at the tip indicated that such effects
can be important. An approximate analysis is pre-
sented for such configurations.

Aerodynamics of Flutter

It has been demonstrated that generalized forces for a
harmonically oscillating wing in pure supersonic flow
may be expressed in terms of certain integrals commonly
referred to as f) functions. These functions have been
tabulated on a large computer for a wide range of param-
eters important to flutter and the tabulated results are
presented in Technical Note 3606.

A fundamental study of the aerodynamic forces on an
oscillating wing is presented in Technical Note 3643.
This report presents the magnitude and phase angle of
the components of normal force and pitching moment
acting on an airfoil oscillating in pitch about the mid-
chord at both high and low mean angles of attack and
for Mach numbers of 0.35 and 0.70. The magnitudes
of normal-force and pitching-moment coefficients were
much higher at high mean angles of attack than at low
angles of attack for some conditions. Large regions of
angle of attack and reduced frequency were found
wherein one-degree-of-freedom torsion flutter is possible.
It was shown that the effect of increasing the Mach
number from 0.35 to 0.70 was to decrease the initial
angle of attack at which unstable-damping occurred.
In addition, the aerodynamic damping in essentially the
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first bending mode was measured for two finite-span,
3- and 10-percent-thick wings for a range of mean
angles of attack and reduced frequencies. No regions
of negative damping were found for this motion, and it
was found that the damping measured at high angles of
attack was generally larger than that at low angles
of attack.

An experimental study of the lift and moment about
the quarter chord of an oscillating wing at high subsonic
Mach numbers is presented in Technical Note 3686.
A comparison of the experimental magnitude of the lift
vector with the theory as given by Dietze showed good
agreement. Comparisons with theory of the moments
and the out-of-phase component of lift indicated that
some refinements in the testing technique are necessary
for the experimental determination of these quantities
in the transonic speed range.

An experimental wind-tunnel investigation was car-
ried out of the forces, moments, and phase angles on a
two-dimensional wing equipped with an oscillating
circular-arc spoiler. Schlieren photographs were ob-
tained which showed the flow over and behind the
spoiler while it was oscillating. The forces and mo-
ments on the wing were obtained from instantaneous
pressure-distribution measurements. The results indi-
cated that the effects of Reynolds number on the nor-
mal-force and moment coefficients and their phase
angles were very small and somewhat erratic. An
increase in Mach number increased the normal-force
coefficient and had no consistent effect on the moment
coefficient, while the phase lag of both the normal force
and moment decreased. There was little effect of re-
duced frequency on the normal-force coefficient; how-
ever, increasing the reduced frequency produced an
essentially linear increase in the phase lag of the normal
force.

Buffeting -

Several studies have been made of the available
transonic Mach number data on wing dropping, low-
lift buffeting, buffet boundaries, and changes in the
angle of zero lift for symmetrical airfoils and various
airplane configurations. These phenomena are indi-
cated to be allied and are probably the result of shock-
induced separated flow. It was found that unswept
wings which have airfoil sections 9 percent thick or
thicker are susceptible to wing dropping at transonic
speeds. Wing dropping may occur even for thin wings,
however, if the airfoil contour is not fair. Sweepback
only partially relieves the wing dropping and buffeting
problem for thick wings. The studies have also indi-
cated that there are combinations of airfoil-thickness
ratio, aspect ratio, and sweep angle which may allow
flight through the transonic speed range without either
wing dropping or buffeting at low lift. Decreases in
aspect ratio and thickness ratio and increases in sweep-
back all tend to alleviate high-speed buffeting. Low-
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lift buffeting, however, may be induced by the inter-
ference effects of thin intersecting surfaces such as a
tail arrangement in which the horizontal tail is mounted
above the fuselage on the vertical tail. Such a tail
arrangement may also be partially responsible for large
transonic trim changes and may exhibit an increase in
drag over that for a comparable tail arrangement where
the horizontal tail is mounted on the fuselage.

An analysis of some statistical properties of the buffet
loads measured on the unswept wing and tail of a fighter
airplane has indicated that buffeting can be considered
as a random process. Buffet loads measured on the
wing and tail in both the stall and shock regimes indi-
cated that the wing loads in buffeting can be treated
as the response of a simple elastic system to a random
input. The wing buffet loads were normally distributed
and the probability that a peak load would exceed a
given level was in agreement with theoretical results.
There was evidence that the tail buffet loads were not
normally distributed as the wing loads but appeared
to represent a more complicated process. The spectrum
of the wing-root shear indicated that the buffet loads
were primarily associated with response in first sym-
metrical bending. The spectrum for the tail-root shear -
indicated that the tail buffet loads were associated with
the fuselage-torsion or tail-rocking mode. This study
was reported in Technical Note 3733.

AIRCRAFT STRUCTURAL MATERIALS

Structural Materials at High Temperatures

Aerodynamic heating continues to be the source of
the most perplexing and urgent problems in the field
of aircraft structural materials. 'This is true in extreme
cases such as long-range ballistic missiles where the
severity of the requirements will clearly necessitate the
development of new kinds of structural materials and
new kinds of test facilities. In addition, it is true for
less severe applications such as manned airplanes, where
the effects of high temperatures on the common engi-
neering properties of existing materials are so inade-
quately known that the designer lacks the handbook
data he needs to arrive at an efficient, yet safe, design.
In effect, heat has introduced a new dimension in all
material problems; strain-rate effects, changes in mod-
ulus, creep, stress rupture, thermal stress, thermal
conductivity, and many other temperature-linked char-
acteristics, which heretofore could be ignored, will have
to be taken into consideration in the future. Some of
these problems are under attack on several fronts.

The tensile properties of a number of structural ma-
terials under rapid-heating conditions were determined
by means of a new type of test (a so-called rapid-heating
test) in which the material is first loaded and then
heated at various heating rates until yield and failure
occur. Sheet materials used in this investigation in-
cluded 7075~-T6 and 2024-T3 aluminum alloys (Tech-
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nical Note 3462, reported in the Forty-first, 1955, An-
nual Report), Inconel and RS-120 titanium alloy (Tech-
nical Note3731), HK31X A-H24 magnesium alloy (Tech-
nical Note 3742), and AZ31A-0O magnesium alloy (Tech-
nical Note 3752). In these tests, heating rates have
been varied from 0.2° to 100°F per second. At the
higher heating rates, the materials were found to be
stronger, in general, than under constant-temperature
conditions when loaded at a strain rate of 0.002 per
minute. In most cases, yield stress, rupture stress, and
temperature have been found to be correlated by means
of a temperature-rate parameter. Some of the ma-
terials, such as the new high-temperature magnesium
alloy HK31XA-H24, exhibited a marked increase in
strength at high heating rates in the high-temperature
region. Other materials, such as 2024-T3 aluminum
alloy and RS-120 titanium alloy, behaved in a very
complicated manner under rapid heating.

In an investigation, conducted at the University of
Alabama under NACA sponsorship, the fatigue strengths
at 10 million eycles of two of the more promising tita-
nium alloys, 3Mn Complex and 3A1-5Cr, were deter-
mined at 200°, 400°, 600°, 800°, and 1,000°F. Data of
this sort are needed for the evaluation of these new
alloys of titanium before the role they can play in the
solution of some phases of the high-temperature prob-
lem can be predicted.

The use of thermal insulation on the surface of struc-
tural materials is one of several possible methods of
defeating the adverse effects of aerodynamically gener-
ated heat. However, there are many fundamental and
technological difficulties, such as the realization of ade-
quate strength of the coating-to-metal bond, which
stand in the way of achieving practicable coatings.
Results of an investigation conducted at the National
Bureau of Standards and reported in Technical Note
3679 show that copper ions in the coating have the
effect of producing a significant increase in the adhesion
between the coating and the surface of stainless steel.

Laminates of nonmetallic materials possess charac-
teristics which uniquely suit them for use in certain
components of aircraft. The rate of deterioration of
their mechanical properties with temperature, however,
is a deterrent to their use in very fast aircraft. Future
progress demands that improved materials be developed
and further test data be obtained to enable the designer
to gage the range of applicability of existing laminates.
In an investigation conducted at the University of

Illinois and reported in Technical Note 3414 the static--

tension, static-compression, tension-creep, and time-to-
fracture characteristics of melamine-resin glass-fabric
laminates and silicone-resin glass-fabric laminates at
temperatures up to 600°F were determined. In the
analysis of the creep data an equation based on the
activation-energy theory, which describes the effects of
stress, time, and temperature is reported.

Fatigue

Failure by fatigue has always been and still is a
potential hazard in aircraft structures and is therefore an
important subject for research. Although steady and
significant progress has been made in understanding the
phenomena of fatigue and in designing structures that
will incorporate characteristics that both lessen the
likelihood of fatigue cracks and preserve the integrity of
the structure when a crack does develop, there are still
many aspects of the fatigue problem that require solu-
tion. Among these is the stress-concentration effect of
geometrical discontinuities on fatigue properties of air-
craft structural materials. Technical Note 3631 pre-
sents the results of axial-load fatigue tests on 2024-T3
and 7075-T6 aluminum-alloy sheet specimens with
central holes. Specimens with various combinations of
hole diameters and widths were tested to provide data
suitable for study of the geometrical size effect.

In Technical Note 3293, which reports an investiga-
tion conducted at the National Bureau of Standards,
the results of cumulative-damage tests of 70755-T6 and
20245-T3 aluminum-alloy sheets under various loading
conditions are given. The cumulative damage ratio,
which should be unity if the theory were absolutely
correct, was found to vary from 0.568 to 1.440; however,
40 percent of the cumulative damage ratios were within
10 percent of unity.

At the University of California, a study (Technical
Note 3495) was made of fatigue under combined re-
peated stresses with superimposed static stress. A
comprehensive critical review of the literature where
such tests were reported was made. In addition, tests
were performed to determine the effects of static com-
pression on alternating torsion, which was the only
combination that had received no previous attention.
The results' were compared with the predictions of
theory. It was shown that the Orowan theory of the
effects of combined stress and cyclic stress on fatigue
can be modified to predict the observed test results.

In an investigation conducted at the Battelle Me-
morial Institute, effectsof notch severityon the initiation
and propagation of fatigue cracks in %- and 2-inch-
diameter notched bars were determined in rotating
bending fatigue tests. These bars consisted of 2024S—
T4 aluminum alloy with stress concentration factors of
5.2 and 13.9. The results reported in Technical Note
3685 indicate that cracks initiate in severely notched
bars earlier than in unnotched or mildly notched
bars. Discernible cracks occurred at 1,000 cycles at
stress levels that would result in failure at 200,000 to
1,700,000 cycles. Differences in results of the tests of
the ¥%- and 2-inch-diameter barsindicated a size effect,
which was attributed to residual stresses in the larger
bars.

Fatigue stressing and the accumulation of damage
have effects on the internal friction of metals and alloys.



62

Internal friction measurements are therefore useful in
the study of the fundamentals of fatigue. In an inves-
tigation conducted at the California Institute of Tech-
nology and reported in Technical Note 3755, a corre-
lation of internal friction and torsional fatigue was
made at various temperatures. The results indicated
the existence of a critical temperature at which fatigue
life reached a minimum, and the effect of this tempera-
ture on internal friction was found to be substantial.
In addition, the recovery of internal friction during
periods of rest after fatigue stressing was observed.
This recovery was found to be dependent on both
stress level and temperature. Attempts were made to
rationalize the relationship between the changes in the
characteristics of internal friction and the inadequately
understood phenomena of damage, recovery, and coax-
ing in fatigue.

Plastic Behavior of Metals

An understanding of the plasticity of metals is essen-
tial to the understanding of strength, ductility, resist-
ance to brittle fracture, workability, and other proper-
ties of metals which account for their usefulness as
aircraft structural materials. The NACA is conducting
research in various areas of this field.

Technical Note 3681 reports results of an investiga-
tion conducted at the Battelle Memorial Institute on the
plastic behavior of binary aluminum alloys by internal-
friction methods. Effects of strain rate, amount of
strain, heat treatment, temperature, and cyclic fre-
quency on internal friction were determined, and the
results were analyzed and rationalized in the framework
of the dislocation theory of plasticity.

During plastic deformation of materials, distortions
occur which are not predictable by the usual assumption
of isotropy. Errors in strain of 50 percent and more
resulting from anisotropy in the plastic range would
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not be uncommon for some of the materials used in
aircraft construction. A series of tests, described in
Technical Note 3736, are utilized to establish semi-
empirical relationships between Poisson’s ratio and
the properties of the materials as shown by their stress-
strain curves. The tests also show that there is no
permanent change in volume of the metals tested after
stressing into the plastic range.

In an investigation conducted at Battelle Memorial
Institute and reported in Technical Note 3728, the
structure of slip lines developed in single crystals of
aluminum at various stages during tensile deformation
were examined in an electron microscope. On the
basis of experimental results from this work and others
from the literature, a mechanism for slip-band forma-
tion based on dislocation theory was formulated. The
possible effects of short-range ordering on deformation
modes are discussed. '

Non-Metallic Materials

Cotton fabric-phenolic laminates are useful struc-
tural materials for aircraft, but the knowledge of the
effects of processing and manufacturing variables on
their properties is inadequate. In an investigation
conducted at the National Bureau of Standards and
reported in Technical Note 2825, tests were conducted
to determine strength properties of (1) several untreated
commercial cotton fabric-phenolic sheet laminates, (2)
the same materials after exposure to typical postform-
ing heating cycles, (3) industrially postformed shapes
made from one of these materials, (4) industrially-made
and laboratory-molded shapes, and (5) flat panels post-
formed from the laboratory-molded shapes. It was -
shown that molding of phenolic laminates may or may
not. affect the strength, depending on the fabrication
techniques used.

OPERATING PROBLEMS

During the past year, the NACA has continued to
conduct research on various problems that are associ-
ated with the operation of today’s modern high-speed
aircraft. It is recognized that as the performance of
the nation’s aircraft is increased new problems are
encountered and some old problems become more im-
portant in the day-to-day operation of these aircraft.
Some of the most important current problems include
the effect of aircraft noise on aircraft and people;
atmospheric effects such as icing, turbulence, lightning,
temperature, and density; and flight safety, which in-
cludes crash fire, survival, airecraft braking, visibility,
engine reliability, foreign-object damage, and other
problems. Working with the NACA Committee on
Operating Problems are the Subcommittee on Aircraft
Noise, the Subcommittee on Meteorology Problems,
the Subcommittee on Icing Problems, and the Subcom-
mittee on Flight Safety.

The effects of the intense noise from modern aircraft
and missiles present one of the most serious problems
which faces the civil and military aircraft operators
today. This problem offers a great challenge to our
technical ability to find a satisfactory solution. The
NACA with the advice and active help of the Subcom-
mittee on Aircraft Noise has expanded its research on
noise with particular emphasis on understanding the
mechanisms of noise production and noise suppression.
The scope of the last several meetings of this Sub-
committee has been expanded to be, in effect, limited
conferences on aircraft noise and have had international
participation. These meetings were arranged to pro-
vide a free and comprehensive discussion of the noise
problems and research efforts of various groups active
in this field. The results of such meetings have been
profitable: A cooperative effort to utilize the intellectual
resources and research facilities of all concerned with
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aircraft noise is essential to the solution of the noise
problem. _

As part of the constant NACA effort to summarize,
discuss, and present recent NACA research results so
that industry can best use these results for practical
aircraft applications, technical conferences are held
when appropriate for representatives of pertinent seg-
ments of the aircraft industry. On April 17, 1956, the
NACA Conference on Airplane Crash-Impact Loads,
Crash Injuries, and Principles of Seat Design for Crash
Worthiness was held at the Lewis Flight Propulsion
Laboratory. The NACA summarized the results of
several years’ work in the field of crash survival and
proposed design criteria which, if applied, could im-
prove aircraft seat design for crash survival. Civil and
Military aircraft operators, manufacturers, and seat
manufacturers now have the material presented at this
conference as a guide for seat design. This material
for the first time includes experimental data from actual
dynamic-crash-load studies utilizing actual full-scale
cargo, transport, and fighter-type aircraft.

A Summary of results of most of the recent unclassi-
fied investigations on operating problems is presented
in the following paragraphs.

AIRCRAFT NOISE

The noises produced by current aircraft and missile
power plants have increased to such intense levels that
they affect the integrity of aircraft and missile struc-
tures, equipment, and control systems as well as pre-

sent serious bioacoustic, efficiency, and annoyance prob- -

lems for persons exposed to the noises. The effect of
noises and related vibrations must now be considered as
one of the principal elements of aircraft or missile
design, and a specific NACA research program is
directed toward obtaining full understanding and con-
trol of the production and effects of high-intensity
noises.

While the noises produced by jet exhausts remain of
primary concern to the NACA, research is also being
conducted on boundary-layer and propeller noise, on
the effects of noise on structures, and on propagation of
noise through the atmosphere.

Jet Noise

NACA research has established that jet noise is
produced by the turbulent mixing of the jet exhaust
with the surrounding air; consequently, detailed in-
vestigations of the mixing phenomena are under way.
One phase of this study consisted of measuring the
turbulence in a subsonic jet by use of a hot-wire ane-
mometer. The results are described in Technical
Note 3561.

The studies begun last year of devices for altering the
jet exhaust flow and thereby reducing jet noise are con-
tinuing. Tests on toothed and ejector nozzles are

COMMITTEE FOR AERONAUTICS 63

described in Technical Notes 3516 and 3573. Tests of
the use of square, rectangular, and elliptical nozzles for
subsonic jets, as reported in Technical Note 3590, showed
that simple changes in jet-nozzle shape had very little
effect on noise generation. It is shown in that report,
however, that if the exiting flow is supersonic, a con-
vergent-divergent nozzle operating near its design point
will produce less noise than an ordinary convergent
nozzle. ’

With the data presented in Technical Note 3591 for
an investigation of the scaling parameters between
various jet engines and model jets, it is possible to
estimate the far noise field of a jet engine from its flow
characteristics. Detailed data are also presented in
that report for the noise field around a modern jet
engine operating under static conditions with and with-
out afterburner.

A method for limiting the noise received on the
ground during takeoff of a jet aircraft is to control the
operational techniques. A study of the effects of var-
ious climbing procedures, reported in Technical Note
3582, showed that lowest effective noise levels over the
largest ground area will be obtained when the aircraft is
climbing on the steepest flight path consistent with
minimum safe airspeed.

Boundary Layer Noise

In addition to the noise problems caused by a jet
exhaust, serious problems result from the noise produced
by the boundary layer flow over the surface of the fuse-
lage and wings. Preliminary flight tests have been
made to determine the surface pressure fluctuations
caused by a turbulent boundary layer. The relation of
boundary-layer noise to Reynolds number, velocity,
and altitude has been studied and further work is being
done on flight at high subsonic velocities.

A study by the California Institute of Technology of
subsonic and supersonic flow of air past rectangular
cavities cut into a flat surface indicated that the
cavities would emit a strong acoustic radiation. From
that work as reported in Technical Note 3487 and the
above NACA flight tests it appears that noise consider-
ations may be a primary factor in establishing the
limits for such items as surface finish and size and shape
of surface cutouts or protuberances for high-speed
aircraft.

As a part of its work on aerodynamic noises under
NACA sponsorship, the California Institute of Tech-
nology developed an instrument of fairly simple design
for measuring time correlation functions of two sta-
tionary random-input signals. The device and its use
in determining auto-correlation functions are discussed
in Technical Note 3682.

Propeller Noise

Instrumentation suitable for making flight measure-
ments of the free-space sound pressures in the immedi-



64

ate vicinity of a propeller in forward flight has been
developed and successfully used on a fighter airplane up
to a Mach number of 0.72. The sensing element is a
capacity microphone housed in a streamlined probe and
used in conjunction with an oscillator to convert the
pressure pulses into a frequency-modulated signal which
is telemetered to the ground. At the ground receiving
station, the telemetered signal is detected and recorded
on magnetic tape. Subsequently, the recorded signal
is converted to a varying voltage which is fed into a
heterodyne frequency analyzer. This instrumentation
is reported in Technical Note 3534.

Effects of Noise on Structures

NACA research is continuing on the problems of
designing and constructing structures that will be
suitable for use in the intense-noise-pressure fields near
propellers and jets. The response of various structural
systems to acoustic inputs, the stresses encountered
in the systems, the fatigue characteristics of the systems,
and the effects of insulation and damping on the struc-
ture are all under study. Stress data has been obtained
for panels exposed to discrete and random noise levels
of over 160 decibels. The fatigue life of panels was
noted to decrease markedly for further nominal in-
creases in the noise intensity level.?® 27

Attenuation of Noise

The NACA has continued its sponsorship of research
at the Massachusetts Institute of Technology to deter-
mine the effects of terrain and atmospheric conditions
on the attenuation of noise. A theoretical and
experimental investigation of the sound field about a
point source over & plane boundary in the presence of &
vertical temperature gradient is reported in Technical
Note 3494. Methods are presented for analyzing the
effects of temperature gradients on the attenuation of
sound in the shadow zone of a sound field. A further
study has produced a semiempirical method for the
calculation of a sound field about a source over ground.
This study considered the effects of vertical temperature
as well as wind gradients and the scattering of sound by
turbulence into the shadow zone (Technical Note 3779).

A theoretical study of the sound field from a random
noise source above ground as measured by a receiver
with finite band width is presented in Technical Note
3557. It is shown that the far sound field still contains
two major regions so far as attenuation over ground is
concerned. In the first region, the sound pressure level
decreases approximately 6 decibels per doubling of
distance. In the second region, however, beyond a
certain distance from the source, the level decreases
monotonically 12 decibels per doubling of distance.

38 See Regler paper listed on p. 78.
27 See Lassiter, Hess, and Hubbard paper listed on p. 78.

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

FLIGHT SAFETY

During this second year of its existence the NACA
Subcommittee on Flight Safety has not only monitored
research into problems directly related to safety, such
as fire, ditching, engine reliability, crash loads, and
crash survival, but also studied results of research in
other specialized fields so that they could be channeled
directly to aircraft designers and operators through
their safety organizations for immediate consideration.
The following information shows the results of varied
research projects that are significant for particular
phases of aircraft operation which are considered to
be most important from g safety standpoint.

Landing Problems

Operating statistics indicate that the landing phase
of flight is most important from the standpoint of
safety. There is much to be learned about the many
facets of the landing problem. The NACA is actively
studying many parts of the problem and has during the
past year reported the results obtained with respect
to landing loads, landing statistics, runway roughness
and aircraft braking. In addition, the NACA has
given wide distribution to the results obtained by other
organizations investigating specific phases of the prob-
lem, namely nose-wheel shimmy (Technical Memo-
randum 1391) and friction of aircraft tires (Technical
Note 3294). In the first of these two reports, general
concepts regarding the effects of the condition of the
tire, the type of rolling motion, and the loading are
discussed. In Technical Note 3294, the results of
a systematic study to determine the effects of tempera-
ture and normal pressure on frictional resistance be-
tween tire-tread material and concrete are given.
Although these data are only a small part of the overall
problem, they do offer some insight into the problem
of tire-to-runway friction coefficient problem which is
being attacked through both experimental flight and
laboratory studies at the NACA Langley Laboratory.

In recent years, propeller reversing has been em-
ployed very effectively to assist in braking the aircraft
during the landing roll on modern propeller-driven
aircraft. A similar reverse-thrust device for the mod-
ern jet aircraft would be equally useful and can be
accomplished by the reversing of the direction of the
propulsive jet during landing. The NACA has com-
pleted an experimental investigation in which three
types of thrust reversers were studied. Models of a
target type, a tailpipe cascade type, and a ring cascade
type were tested and the effects of design variables on
performance and reversed-flow boundaries were de-
termined. This work was reported in Technical Note
3664 and the results indicate that reverse-thrust
ratios of from 40 to 80 percent could be obtained and
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that all three types had satisfactory thrust-modulation
characteristics. Performance and operational studies
of a full-scale jet engine thrust reverser (Technical
Note 3665) of the target type utilized on a turbojet
engine were also conducted. This device was pylon
mounted under the wing of a cargo airplane to simulate
8 jet transport. The thrust reverser was operated for
both stationary and taxi conditions, but the airplane
was not flown. In addition to obtaining the perform-
ance of the thrust reverser, heat-rise patterns and
rates resulting from impingement of the reversed hot
gases on g simulated lower wing were also measured
during periods of thrust reversal. Reingestion of the
reversed hot gases into the engine inlet constituted an
additional operating problem in that the temperature
levels were raised throughout the engine and the re-
versed-thrust ratio was reduced. Taxi tests indicated
that at ground speeds of 62 knots, the free-stream
velocity was sufficient to prevent the reversed gas
flow from entering the engine inlet.

Fire

The NACA has continued its research with turbojet
and turboprop types of engines into the problems of
crash-fire inerting and, in addition, has been studying
the problems of flight fires in jet aircraft. Effective
fire-fighting methods are still an important aspect
of the problem. At the heart of the problem is the
need for potent fire-extinguishing agents which have
properties that make them suitable for use on aircraft.
In Technical Note 3565, the results of a study which
explains the quenching action of halogenated agents in
the fire-extinguishing process are given. It is con-
cluded that the presence of halogen in an agent need
not reduce its fire-fighting ability provided that there
is enough halogen to make the agent noninflammable.
The assumption that halogenated agents act merely
by chain-breaking reactions with active particles is
consistent with the experimental facts available and
will help guide the selection of other halogenated
agents for further tests of their fire-fighting properties.

Technical Note 3560 presents the results of an
investigation conducted at the University of Cincin-
nati under the sponsorship of the NACA on the spon-
taneous ignition of lubricants of reduced inflammability.
In the initial phase of the investigation, the spon-
taneous-ignition characteristics of approximately 50
organic compounds were investigated and observa-
tions were made on the effects of structure on ignition.
In studying compounds of interest as lubricants, it
was found that hydrogenated polyisobutylene showed
remarkable resistance to spontaneous ignition. Re-
sults indicate that those esters possessing high auto-
ignition temperatures have low molecular weights,
while those having low molecular weights in the lubri-
cant range show poor resistance to spontaneous ignition.
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Gust Alleviation

Whenever rough air is encountered in flight, the
recommended practice is to reduce the speed of the
airplane to the design speed for maximum gust inten-
sity. When encountering rough air, the pilot does not
always have time or advanced warning so that he can
reduce the airspeed to the design speed. In these
cases, the distance and maneuvering required to reduce
speed may have an important bearing on the loads
imposed on the airframe. Technical Note 3613 pre-
sents the results of an investigation of the problem
of reducing the speed of a jet transport in flight. Tt
was found that the required distance was much greater
for a jet transport than for a typical piston-engine
transport at the same altitude. The distance was also
found to increase with altitude up to the altitude for
maximum true airspeed. The increased distance for
the jet transport was primarily the result of increased
kinetic energy and to a lesser extent that of lower
drag coefficients. These results are believed to be
qualitatively correct for high-speed transport air-
craft. The use of aerodynamic brakes, thrust re-
versal, or a climbing maneuver has been shown to be
effective in reducing the distance required to reach
the rough-air speed.

The ability of the human pilot to fly a precision
course in rough air has been questioned and compared
with the ability of an airplane autopilot combination
to do the same task. Although the NACA has not
studied this question directly, it has conducted theo-
retical studies involving various types of autopilots
in an attempt to learn the characteristics of airplane
response to gusts. The results of two such investiga-
tions have been published in Technical Notes 3635
and 3603. The results given in the former report
indicate that the response to side gusts can be notice-
ably reduced. In the latter report, when the air-
plane was flown by various autopilots, the increased
yaw damping greatly reduced the resonance associated
with Dutch-roll of the airplane. The addition of an
autopilot supplied directional stability and roll stability
and greatly reduced the yaw and roll responses to
gusts. Autopilots that held side forces to low values
and provided good course response to command
signals allowed large roll response to side gusts.

The NACA has been studying various means of
increasing the smoothness of flight through rough air,
both theoretically and experimentally. One of the
most promising methods utilizes an autocontrol system
in which the flaps and elevators are operated in accord-
ance with indications of changes in angle of attack
to maintain constant lift and zero pitching moment
of the airplane. A detailed analysis of this system
and its various refinements is presented in Technical
Note 3597, including a study of the transient response
of the airplane for both gust disturbances and longi-
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tudinal control inputs. The aerodynamic characteris-
tics necessary for optimum gust alleviation are derived
and the response of this system is compared with that
of the basic airplane. In order to study these analyti-
cal results in flight, an experimental investigation was
conducted with a light transport airplane whose con-
trols were modified to the extent necessary to provide
gust alleviation. The results indicate that the gust
alleviation system is at least capable of alleviating
the normal acceleration due to gusts by 50 percent
at a frequency of 0.6 cycle per second, the natural

frequency of the airplane, and by 40 percent at a .

frequency of 2 cycles per second. The airplane can
be controlled adequately when this gust alleviation
system is operating.

Other devices that have been proposed for reducing
the acceleration effects of rough air are spoilers, deflec-
tors, and spoiler-deflector combinations. These devices
have been investigated for both swept- and unswept-
wing models. The results have been reported in
Technical Note 3705 and it would appear from gust-
tunnel and wind-tunnel tests that a forward-located
fixed deflector would .be a practical and . effective
alleviator of gust loads on an airplane having unswept
wings. Preliminary results on a model having a 35°-
swept-back wing have indicated that deflectors, in order
to have the same effectiveness as reported for the
unswept wing model, would have to be located more
to the rearward on the swept wing and would possibly
require larger projections if they are to have the same
effectiveness they had on the unswept-wing airplane.

Optimum Flight Paths

The climb of turbojet aircraft, and the effects of
tangential accelerations, have been analytically deter-
mined for minimum time of climb, climb with mini-
mum fuel consumption, and steepest climb. For each
flight condition, the optimum Mach number was ob-
tained from the solution of a sixth-order equation whose
coefficients are functions of two fundamental param-
eters: the ratio of minimum drag in level flight
to the thrust and the Mach number which represents
the flight at constant altitude and maximum lift-drag
ratio. Diagrams have been prepared for the quick
calculation of the optimum Mach numbers and the
effect of acceleration on the rate of climb in tropospheric
and stratospheric flight.

Airspeed Measuring Systems

Accurate determination of Mach number is funda-
mental to any detailed flight research and is of particular
importance in the transonic speed range where many
of the aerodynamic parameters vary markedly with
Mach number. In order to conduct extensive research
in this speed range, it was necessary that a suitable
airspeed system be devised. Accordingly, calibrations
of four airspeed systems installed in a turbojet fighter
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were determined in flight at Mach numbers up to 1.04
by the NACA radar-phototheodolite method (Technical
Note 3526). The results indicate that, of the systems
investigated (a nose boom, two different wing-tip
booms, and a fuselage-mounted service system), the
nose-boom installation is the most suitable for research
use at transonic and low supersonic speeds. The
static-pressure error of the nose-boom system is small
and constant above a Mach number of 1.03 after pas-
sage of the fuselage bow shock wave over the airspeed
head.

The need for design information to provide rigid
tubes to measure total head pressures correctly at
high angles of attack and at high speeds has arisen
because of the development of airplanes having good
maneuverability at supersonic speeds. Conventional
tubes, both rigid and swiveling, are unsatisfactory
under these conditions. In Technical Note 3641,
the results of wind-tunnel tests of 54 total-pressure
tubes have been summarized and data are presented
on the effects of inclination of the airstream on meas-
ured pressures at subsonic, transonic, and supersonic
speeds. These data are in a form which permits s
more detailed comparison of the effects of pertinent
design values.

Spin Hazards and Recovery

The pilot’s loss of orientation during spins, especially
during unintentional spins, is a rising problem and has
apparently led to a number of recent accidents and
near-accidents with both trainer and fighter aircraft
during acrobatic maneuvers and after recovery from
erect spins. In Technical Note 3531, the nature of
inverted spins, the optimum control technique for
recovery, and some of the apparent reasons for a pilot’s
loss of orientation are discussed. It is pointed out that
a pilot in an inverted spin should attempt to orient
himself with respect to direction of turn by referring
to the airplane rate-of-turn indicator in order to de-
termine properly the direction of the yawing component
of the total spin rotation. Optimum recovery from
the inverted spin should then be obtainable by rapidly
reversing the rudder from full with this yawing rotation
to full against it while the control stick is held full
forward and laterally neutral and, shortly thereafter,
the stick should be moved from full forward to full
back while it is maintained laterally neutral.

The general policy for recovery from either intentional
or accidental spins has been to cut off power as soon as
possible after the spin is initiated, because of possible
adverse effects. In some instances however, pilots
have flown out of an otherwise uncontrollable spin by
application of full power in a propeller-driven airplane.
Such results from power-on spins may have been due to
increased effectiveness of the controls in the slipstream.
For a jet engine, however, the situation is different, and
unpublished data indicate that thrust alone might be
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of little assistance. For both propeller-driven and jet-
propelled airplanes, spin and spin-recovery character-
istics may differ for power-on and power-off conditions,
as well as for power-on spins to the right and to the
left. These differences may at times have caused
serious difficulty in recovering from spins in one direc-
tion, whereas recoveries from spins in the other direc-
tion could be readily achieved. The differences in
spins and recoveries may have been due, in part, to the
gyroscopic moments produced by rotating propellers or
rotating parts of jet engines. For a jet-propelled air-
plane, the rotating parts of the engine may continue to
rotate at nearly full speed for a long time after power is
cut off. A preliminary investigation has been made
and reported in Technical Note 3480 to determine the
gyroscopic effects of jet-engine rotating parts on the
erect spin and recovery characteristics of a model of a
military attack airplane. Results indicate that rotat-
ing parts affected the spin characteristics differently
depending on the type of mass load distribution and
the direction of spin.

Control Device for Personal-Owner-Type Airplanes

Although most present-day personal-owner-type air-
planes possess a slight degree of inherent spiral stability
in cruising flight, they show unstable spiral tendencies
under operational conditions. The main reasons for
this apparent spiral instability are a lack of means for
trimming the airplane laterally and directionally. A
variation of lateral and directional trim with airspeed
and control-system friction prevents the control sur-
faces from returning to trim position after control de-
flection. The specific problems facing the pilot of a
personal-owner-type airplane are that of maintaining
the airplane in wings-level position during times when
there is no natural horizon reference and that of keeping
the airplane from diverging spirally while he may be
preoccupied with navigational problems. It has been
demonstrated that the pilot’s sense of orientation is
unreliable in the absence of a visual reference, as may
be the case when inadvertently or unavoidably en-
countering instrument weather. Technical Note 3637
describes the results of a flight investigation to deter-
mine the effectiveness of an automatic aileron trim
control device installed in a personal-owner-type air-
plane. The results indicate that the device is capable
of maintaining the airplane in equilibrium over its
operational speed range under directional out-of-trim
conditions that would cause rapid divergence of the
basic airplane. The device also prevents excessive
heading wander and airplane gyration in turbulent air
without pilot control. A means is provided for holding
the airplane in a stabilized turn to facilitate mild
maneuvering through the use of the automatic control.

Precision of Instrument Flight in Helicopters

Early studies of helicopter instrument flight indicated
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the need for improved handling qualities, particularly
for low-speed flight and for precision maneuvers such as
instrument approaches, sonar dipping, or hoist opera-
tions. Although a number of stability parameters
affect the handling characteristics, damping about the
principal axes appeared to be a worthwhile subject for
initial study. Technical Note 3537 presents the results
of a study of the effects of increased damping in roll,
pitch, and yaw on the instrument flight-handling quali-
ties of a single-rotor helicopter. Electronic components
were used to vary the damping of the helicopter, and
these variations were evaluated by performing precision
maneuvers while flying on instruments. The studies
indicated that, for a representative single-rotor heli-
copter, increased damping can improve the accuracy of
the maneuvers and reduce the effort required of the
pilot, particularly at low forward speeds. For the
speed range considered (25 to 65 knots), increased
damping in roll was found to be particularly effective,
much more effective than corresponding changes in
yaw and pitch.

AERONAUTICAL METEOROLOGY

Atmospheric Turbulence

Previously evaluated effective gust velocities, U,,
from the data available for both convective and frontal
types of thunderstorms have been converted to the
recently defined derived gust velocities, Uy, which
take into account the variations with altitude of the
airplane response to gusts. The results, given in
Technical Note 3538, indicate that the intensities of
the derived gust velocities are essentially constant for
altitudes up to approximately 20,000 feet in thunder-
storms and that an approximate 10-percent reduction
in the intensity occurs as altitude is increased to 30,000
feet.

The NACA provided the Cambridge Research Center
of the Air Force with a VGH recorder for measuring
turbulence in a flight investigation of the jet stream
and the Sierra Mountain Wave. HEvaluation of the
data showed that the turbulence encountered during
the flights was generally light.

A review was made of available information concern-
ing continuous operation of airplanes through rough air
at low altitudes and high speeds. From the stand-
points of crew efficiency and flight precision, it appears
that reductions in the loads and motions due to turbu-
lent air to about one-third of those for present opera-
tional airplanes may be required for low-altitude flight.
A study of design features indicated that the major
factors that effect such reductions are increased wing
loadings and reduced lift-curve slopes. Reductions in
lift-curve slopes accompany low-aspect-ratio, swept-
back, and flexible wings. Changes in stability for air-
planes with satisfactory stability characteristics were
not significant when the loads were changed in rough
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air. For configurations with low damping, which causes
amplification of the loads in continuous turbulence, the
use of augmented damping can result in significant
reductions in loads.

Characteristics of Icing Cloud

A statistical survey and a preliminary analysis were
made of icing data collected from scheduled flights over
the United States and Canada from November 1951 to
June 1952 by airline aircraft equipped with NACA
pressure-type icing-rate meters. Over 600 icing en-
counters were logged by three airlines operating in the
United States, one operating in Canada, and one oper-
ating up the Pacific Coast to Alaska. The data provide
relative frequencies of icing cloud variables such as
horizontal extent of icing, vertical thickness of icing
clouds, air temperature, icing rate, liquid-water content,
and total ice accumulation,

Liquid-water contents were higher than those from
earlier research flights in layer-type clouds but slightly
lower than previous ones from cumulus clouds. Broken-
cloud conditions, indicated by intermittent icing, ac-
counted for nearly one-half of all the icing encounters.
About 90 percent of the encounters did not exceed a
distance of 120 miles, and continuous icing did not
exceed 50 miles for 90 percent of the unbroken condi-
tions. Icing-cloud thicknesses measured during climbs
and descents were less than 4,500 feet for 90 percent of
the vertical cloud traverses.

ICING PROBLEMS

Droplet Impingment

Experimental studies have been made in the NACA
icing tunnel to determine the effect of a flapped trun-
cated airfoil on surface velocity distribution and droplet-
impingement rates and limits. A 6-foot-chord NACA
65,—212 airfoil was cut successively at the 50- and 30-
percent-chord stations to produce the truncated airfoil
sections, which were equipped with trailing-edge flaps
to alter the flow field. The results indicated that the
correct use of such airfoils may permit impingement and
icing studies to be conducted with full-scale leading-edge
sections in existing small icing tunnels.

The paths of icing cloud droplets into two engine
inlets have been calculated (Technical Note 3593) for
0° angle of attack and for a wide range of meteorological
and flight conditions. In both types of inlets, the inlet
air velocity of one being 0.7 that of the other, a prolate
ellipsoid of revolution (10 percent thick) represents
either part or all of the forebody at the center of an
annular inlet to an engine. The configurations can also
represent the fuselage of an airplane with side ram-
scoop inlets. Results indicated that the amount of
water ingested is not sensitive to small changes in shape
of the outer wall, that impingement on the cowl (i. e.,
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amount and distribution) is quite sensitive to the
physical shape and surface condition of the wall, and
that the use of screens and boundary-layer-removal
scoops at the entrance requires careful design because of
the shadow zone (zero water concentration) and regions
of high concentration. In addition, a general concept
showed that lowering the inlet velocity ratio lowers the
ingestion efficiency.

The impingement characteristics of several other
bodies have been obtained from droplet-trajectory cal-
culations. For an NACA 65A004 airfoil at 0° angle of
attack, the amount of water in droplet from impinging
on the airfoil, the area of droplet impingement, and the
rate of droplet impingement per unit area of the airfoil
surface were calculated as given in Technical Note 3586.
The results were compared with those previously re-
ported for the same airfoil at angles of attack of 4° and
8°.

For a sphere in an ideal fluid flow, droplet impinge-
ment data and equations for determining the collection
efficiency, the area, and the distribution of impingement
have been presented in terms of dimensionless para-
meters (Technical Note 3587). The range of flight and
atmospheric conditions covered in the calculations was
extended considerably beyond the range covered by
previously reported calculations for a sphere.

A study has also been made of water-droplet impinge-
ment on & rectangular half body in a two-dimensional
incompressible flow field (Technical Note 3658). Data
on collection efficiency and distribution of water-droplet
impingement were obtained by means of a mechanical
differential analyzer.

Icing Protection

A better understanding of the performance and penal-
ties of pneumatic de-icers can aid in selecting ice-protec-
tion systems for aircraft. Accordingly, an evaluation in
icing conditions was made of two types of pneumatic
de-icers, one having spanwise inflatable tubes and the
other having chordwise inflatable tubes (Technical
Note 3564). Measurements were made to determine
lift, drag, and pitching-moment changes caused by
inflation of the de-icer boots and by ice formations on
the boots. In order to help determine the aerodynamic
effects of size and location of ridge-type ice formations
on an airfoil, spanwise spoilers mounted on the airfoil
at various chordwise locations were also studied.

A preliminary experimental study was conducted to
determine the feasibility of preventing rain from
impinging on aircraft windshields by use of a high-
velocity jet-air blast. By this means, raindrops are
broken up into a multitude of small droplets by the jet-
air blast and deflected around the windshield. The
deflection appears feasible for flight speeds up to 150
miles per hour for low-angle (35° or less) windshields.
However, visibility through the mist generated by
raindrop breakup is a problem requiring solution.
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Richmond, Harry B. Kirkpatrick, and William N.
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Part II;COMMITTEE ORGANIZATION AND MEMBERSHIP

The National Advisory Committee for Aeronautics
was established by Act of Congress approved March 3,
1915 (U. S. Code, title 50, sec. 151). The Committee
consists of seventeen members appointed by the Presi-
dent, and includes two representatives each of the
Department of the Air Force, the Department of the
Navy, and the Civil Aeronautics Authority; one repre-
sentative each of the Smithsonian Institution, the
United States Weather Bureau, and the National
Bureau of Standards; and “one Department of Defense
representative who is acquainted with the needs of
aeronautical research and development.” In addition
seven members are appointed for five-year terms from
persons “acquainted with the needs of aeronautical
science, either civil or military, or skilled in aeronautical
engineering or its allied sciences.” The representatives
of the Government organizations serve for indefinite
periods, and all members serve as such without com-
pensation. : .

The following changes in membership have taken
place during the past year:

The Committee lost a valuable member by the death
on January 4, 1956, of Mr. Ralph S. Damon, President
of Trans World Air Lines, Inc., who had been serving
as Chairman of the important NACA Committee on
Operating Problems. In its tribute to Mr. Damon’s
memory, the NACA at its meeting on January 19, 1956,
said: “His intelligence, enthusiasm, sound judgment,
and high qualities of integrity and sincerity, together
with his wealth of experience, enabled him to support
most effectively the responsibilities of the Committee
and to provide highly competent leadership.”

To succeed Mr. Damon, President Eisenhower on
April 14, 1956, appointed the well-known World War I
ace and aviation executive, Captain Edward V. Ricken-
backer, Chairman of the Board of Eastern Air Lines,
Inc., to membership on the NACA.

On January 6, 1956, the President appointed Hon.
Clifford C. Furnas, Assistant Secretary of Defense
(Research and Development), a member of NACA.
Dr. Furnas succeeded Hon. Donald A. Quarles, Secre-
tary of the Air Force, who had previously served in
Dr. Furnas’ present post in the Department of Defense.

Vice Admiral William V. Davis, USN, Deputy Chief
of Naval Operations (Air), was appointed a member of
the NACA on August 2, 1956, succeeding Vice Admiral
Thomas S. Combs, who had just been detached from the
same Navy post and assigned to other duty.

In accordance with the regulations of the Committee
as approved by the President, the chairman and vice
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chairman and the chairman and vice chairman of the
Executive Committee are elected annually.

Prior to the annual meeting of the NACA on October
17, 1956, Dr. Jerome C. Hunsaker, who had been chair-
man since August 1941, indicated his desire to retire
from the chairmanship of the NACA and of the Execu-
tive Committee. At the meeting the NACA elected
Dr. James H. Doolittle chairman of the NACA and of
the Executive Committee. Dr. Leonard Carmichael
was re-elected vice chairman of the NACA and Dr.
Detlev W. Bronk vice chairman of the Executive
Committee. ’

The Committee membership is as follows:

James H. Doolittle, Sc. D., Shell Oil Company, Chairman.

Leonard Carmichael, Ph. D., Secretary, Smithsonian Institution,
Vice Chairman.

Joseph P. Adams, LL. B., Vice Chairman, Civil Aeronautics
Board.

Allen V. Astin, Ph. D., Director, National Bureau of Standards.

Preston R. Bassett, M. A., Vice President, Sperry Rand Corpora-
tion.

Detlev W. Bronk, Ph. D., President, Rockefeller Institute for
Medical Research.

Frederick C. Crawford, Se. D., Chairman of the Board, Thomp-
son Products, Inc.

William V. Davis, Jr., Vice Admiral, United States Navy,
Deputy Chief of Naval Operations (Air).

Clifford C. Furnas, Ph. D., Assistant Secretary of Defense
(Research and Development).

Jerome C. Hunsaker, Sc. D., Massachusetts Institute of Tech-
nology.

Carl J. Pfingstag, Rear Admiral, United States Navy, Assistant
Chief for Field Activities, Bureau of Aeronautics. .

Donald L. Putt, Lieutenant General, United States Air Force,
Deputy Chief of Staff, Development.

Arthur E. Raymond, Sc. D., Vice President—Engineering,
Douglas Aircraft Company, Inc.

Francis W. Reichelderfer, Sc. D., Chief, United States Weather
Bureau.

Edward V. Rickenbacker, Sc. D., Chairman of the Board, Eastern
Air Lines, Inc.

Louis S. Rothschild, Under Secretary of Commerce for Trans-
portation. . ”

Nathan F. Twining, General, United States Air Foree, Chief of
Staff. .

Assisting the Committee in its coordination of aero-
nautical research and the formulation of its research
programs are four main technical committees: Aerody-
namics, Power Plants for Aircraft, Aircraft Construc-
tion, and Operating Problems. Each of these commit-
tees is assisted by four or more subcommittees. Effec-
tive January 1, 1956, two new subcommittees were
established under the Committee on Aerodynamics in
place of the Subcommittee on Stability and Control,



REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 81

namely: Aerodynamic Stability and Control, and Auto-
matic Stabilization and Control. This action was taken
because of the increase in the importance of the prob-
lems of automatic stabilization and control in connec-
tion with both piloted aircraft and missiles.

The Committee is advised on matters of policy
affecting the aircraft industry by an Industry Consult-
ing Committee.

The membership of the committees and their sub-
committees is as follows:

COMMITTEE ON AERODYNAMICS

Mr. Preston R. Bassett, Vice President, The Sperry Rand Corp.,
Chairman,

Dr. Theodore P. Wright, Vice President for Research, Cornell
University, Vice Chairman.

Col. Daniel D. McKee, USAF, Wright Air Development Center.

Rear Adm. W. A. Schoech, USN, Assistant Chief of the Bureau of
Aeronautics for Research and Development, Department of
the Navy.

Mr. F. A. Louden, Bureau of Aeronautics, Department of the
Navy.

Dr. H. H. Kurzweg, Associate Technical Director for Aero-
ballistic Research, Naval Ordnance Laboratory.

Maj. Gen August Schomburg, USA, Assistant Chief of Ordnance
for Research and Development, Department of the Army.

Mr. D. M. Thompson, Office of the Chief of Transportation,
Department of the Army.

Mr. Harold D. Hoekstra, Civil Aeronautics Administration.

Dr. Hugh L. Dryden (ex officio).

Mr. Floyd L. Thompson, NACA Langley Aeronautical Labora-
tory.

Mr. Russell G. Robinson, NACA Ames Aeronautical Laboratory.

Capt. W. 8. Diehl, USN (Ret.).

Mr. L. L. Douglas, Vice President—Engineering, VERTOL
Aircraft Corp.

Rear Adm. R. S. Hatcher, USN (Ret.), Professor and Chairman,
Department of Aeronautical Engineering, New York Univer-
sity.

Mr. Clarence L. Johnson, Chief Engineer, Lockheed Aircraft
Corp.

Dr. A. Kartveli, Vice President—Engineering, Republic Aviation
Corp.

Mr. Schuyler Kleinhans, Assistant Chief Engineer, Santa
Monica Division, Douglas Aireraft Co.

Dr. Albert E. Lombard, Jr., Director of Research, McDonnell
Aircraft Corp.

Dr. Clark B. Millikan, Director, Daniel Guggenheim Aero-
nautical Laboratory, California Institute of Technology.

Dr. William J. O’Donnell, Assistant Chief Engineer—Develop-
ment and Experimental, Republic Aviation Corp.

Mr. Kendall Perkins, Vice President—Engineering, McDonnell
Ajreraft Corp.

Mr. H. A, Storms, Jr., Chief, Technical Engineering, North
American Aviation, Inc.

Mr. Charles Tilgner, Jr., Chief Aeronautical Engineer (Staff),
Grumman Aircraft Engineering Corp.

Mr. George S. Trimble, Jr., Vice President—Chief Engineer,
The Martin Co.

Mr. Robert J. Woods, Chief Design Engineer, Bell Aircraft Corp.

Mr. Milton B. Ames, Jr., Secretary

Subcommittee on Fluid Mechanics

Dr. William R. Sears, Cornell University, Chairman.

Maj. Eugene W. Geniesse, USAF, Air Research and Develop-
ment Command.

Mr. E. Haynes, Air Research and Development Command.

Mr. Phillip Eisenberg, Office of Naval Research, Department of
the Navy.

Mr. John D. Nicolaides, Bureau of Ordnance, Department of
the Navy.

Dr. Joseph Sternberg, Ballistic Research Laboratories, Aberdeen
Proving Ground.

Dr. G. B. Schubauer, Chief, Fluid Mechanics Section, National
Bureau of Standards.

Dr. Adolf Busemann, NACA Langley Aeronautical Laboratory.

Mr. John Stack, NACA Langley Aeronautical Laboratory.

Dr. D. R. Chapman, NACA Ames Aeronautical Laboratory.

Mr. Robert T. Jones, NACA Ames Aeronautical Laboratory.

Dr. John C. Evvard, NACA Lewis Flight Propulsion Laboratory.

Prof. Walker Bleakney, Princeton University.

Dr. J. V. Charyk, Aeronutronics Systems, Inc.

Dr. Francis H. Clauser, The Johns Hopkins University.

Dr. Wallace D. Hayes, Princeton University.

Dr. Hans W. Liepmann, California Institute of Technology.

Prof. C. C. Lin, Massachusetts Institute of Technology.

Prof. Wilbur C. Nelson, Chairman, Aeronautical Engineering
Department, University of Michigan.

Prof. E. L. Resler, Jr., Cornell University.

Mr. Ernest O. Pearson, Jr., Secretary.

Subcommittee on High-Speed Aerodynamics

Dr. Clark B. Millikan, Director, Daniel Guggenheim Aeronau-
tical Laboratory, California Institute of Technology, Chair-
man.

Maj. Eugene W. Geniesse, Jr., USAF, Air Research and Develop-
ment Command.

Mr. Joseph Flatt, Wright Air Development Center.

Mr. Oscar Seidman, Bureau of Aeronautics, Department of the
Navy.

Dr. H. H. Kurzweg, Associate Technical Director for Aero-
ballistic Research, Naval Ordnance Laboratory.

Mr. C. L. Poor, 3d, Chief, Exterior Ballistics Laboratory,
Ballistic Research Laboratories, Aberdeen Proving Ground.

Mr. John Beebe, Office of the Chief of Transportation, Depart-
ment of the Army.

Mr. John Stack, NACA Langley Aeronautical Laboratory.

Mr. H. Julian Allen, NACA Ames Aeronautical Laboratory.

Mr. Abe Silverstein, NACA Lewis Flight Propulsion Laboratory.

Mr. Walter C. Williams, NACA High-Speed Flight Station.

Mr. John R. Clark, Assistant Chief Engineer, Chance Vought
Aircraft, Inc.

Mr. Philip A. Colman, Chief Preliminary Design Engineer,
Lockheed Aircraft Corp.

Mr. Alexander H. Flax, Vice President—Technical Operations;
Cornell Aeronautical Laboratory, Inec.

Mr. L. P. Greene, Chief Aerodynamicist, North American
Aviation, Inc.

Mr. Robert L. Gustafson, Chief of Aerodynamics, Grumman
Aircraft Engineering Corp.

Mr. C. J. Koch, The Martin Co.

Mr. John G. Lee, Director of Research, United Aircraft Corp.

Mr. David S. Lewis, Jr., McDonnell Aircraft Corp.

Mr. Harlowe J. Longfelder, Chief—Preliminary Design, Seattle
Division, Boeing Airplane Co.
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Prof. John R. Markham, Professor of Aeronautical Engineering,
Massachusetts Institute of Technology.

Mr. K. E. Van Every, Chief, Aerodynamics Section, El Segundo
Division, Douglas Aircraft Co., Inc.

Mr. Albert J. Evans, Secretary

Subcommittee on Aerodynamic Stability and Control

Capt. W, 8. Diehl, USN (Ret.), Chairman.
Mr. Melvin Shorr, Wright Air Development Center.
Mr. Jerome Teplitz, Bureau of Aeronautics, Department of the
Navy.
Mr. L. L. Liceini, Bureau of Ordnance, Department of the Navy.
Maj. William H. Brabson, Jr., USA, Office of the Chief of Re-
search and Development, Department of the Army.
Mr. John A. Carran, Civil Aeronautics Administration.
Mr. Thomas A. Harris, NACA Langley Aeronautical Laboratory.
Dr. J. N. Nielsen, NACA Ames Aeronautical Laboratory.
Mr. Hubert M. Drake, NACA High-Speed Flight Station.
Mr. M. J. Abzug, Douglas Aircraft Co., Inc.
Prof. Joseph Bicknell, Massachusetts Institute of Technology.
Mr. E. A. Bonney, Applied Physics Laboratory, The Johns
Hopkins University.
Mr. J. E. Goode, Jr., Convair, Division of General Dynamics
Corp.-
Mr. George S. Graff, Chief of Aerodynamics, McDonnell Aircraft
* Corp.
Mr. William T. Hamilton, Chief Aerodynamics Engineer, Boeing
Airplane Co.
Mr. Maxwell W. Hunter, Assistant Chief Project Engineer—
Missiles, Douglas Aircraft Co., Inec.
Mr. R. B. Katkov, Northrop Aircraft, Inc.
Mr. Conrad A. Lau, Chance Vought Aircraft, Inc.
Mr. W. F. Milliken, Jr., Manager, Flight Research, Cornell
Aeronautical Laboratory, Inc. ’
Mr. Frank J. Mulholland, Assistant Chief Development Engineer,
Republic Aviation Corp.

Mr. Jack D. Brewer, Secretary

Subcommittee on Automatic Stabilization and Control

Mr. Warren E. Swanson, North American Aviation, Inc. Chair-
man,

Mr. George L. Yingling, Wright Air Development Center.

Mr. William Koven, Bureau of Aeronautics, Department of the
Navy.

Mr. Marvin Schuldenfrei, Bureau of Aeronsautics, Department
of the Navy.

Mr. J. M. Lee, Bureau of Ordnance, Department of the Navy.

Mr. Paul R. Miles, Signal Corps Engineering Laboratories.

Mr. Charles W. Mathews, NACA Langley Aeronautical Labo-
ratory.

Mr. Harry J. Goett, NACA Ames Aeronautical Laboratory.

Mr. M. J. Abzug, Douglas Aireraft Co., Inc.

Mr. Frank A. Gaynor, General Electric Co.

Dr. William J. Jacobi, The Ramo-Wooldridge Corp.

Mr. W. F. Milliken, Jr., Manager, Flight Research, Cornell
Aeronautical Laboratory, Inc.

Mr. Louis A. Payne, Convair, Division of General Dynamics
Corp.

Mr. Thomas L. Phillips, Raytheon Manufacturing Co.

Mr. Donald J. Povejsil, Westinghouse Electric Corp.

Dr. Allen E. Puckett, Head, Missile Aerodynamics Department,
Hughes Aircraft Co.

Mr. O. H. Schuck, Minneapolis-Honeywell Regulator Co.

Dr. Robert C. Seamans, Jr., RCA Aviation Systems Laboratory.

Mr. Bernard Maggin, Secretary
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Subcommittee on Internal Flow

Dr. William J. O’Donnell, Assistant Chief Engineer—Develop-
ment and Experimental, Republic Aviation Corp., Chairman.

Mr. Frederick T. Rall, Jr.,, Wright Air Development Center.

Mr. Robert E. Roy, Wright Air Development Center.

Mr. R. T. Miller, Bureau of Aeronautics, Department of the
Navy. ’

Dr. Thomas W. Williams, Office of Naval Research, Department
of the Navy.

Mr, V. 8. Kupelian, U. 8. Naval Ordnance Experimental Unit
at National Bureau of Standards.

Mr. John V. Becker, NACA Langley Aeronautical Laboratory.

Mr. Wallace F. Davis, NACA Ames Aeronautical Laboratory.

Mr. DeMarquis D. Wyatt, NACA Lewis Flight Propulsion
Laboratory.

Mr. J. 8. Alford, General Electric Co.

Mr. Bernard F. Beckelman, Boeing Airplane Co.

Mr. William J. Blatz, McDonnell Aircraft Corp.

Mr. John A. Drake, Director of Long-Range Planning and
Research Programs, Marquardt Aircraft Co.

Mr. Harry Drell, Group Engineer—Power Plant Analysis, Lock-
heed Aireraft Corp.

Dr. Antonio Ferri, Polytechnic Institute of Brooklyn.

Mr. Donald J. Jordan, Pratt & Whitney Aircraft, United Air-
craft Corp.

Mr. M. A. Sulkin, Chief Thermodynamicist, North American
Aviation, Inc.

Mr. William M. Zarkowsky, Chief of Propulsion, Grumman
Aircraft Engineering Corp.

Mr. Albert J. Evans, Secretary

Subcommittee on Propellers for Aircraft

Mr. D. H. Jacobson, Aeroproducts Operations, Allison Division,
General Motors Corp., Chairman.

Capt. William G. Alexander, USAF, Air Research and Develop-
ment Command.

Mr. Daniel A, Dickey, Wright Air Development Center.

Lt. Commander Hugh L. H. Collins, USN, Bureau of Aero-
nautics, Department of the Navy.

Mr. John Beebe, Office of the Chief of Transportation, Depart-
ment of the Army.

Mr. John C. Morse, Civil Aeronautics Administration.

Mr. Eugene C. Draley, NACA Langley Aeronautical Laboratory.

Mr. Donald H. Wood, NACA Ames Aeronautical Laboratory.

Mr. George W. Brady, Director of Engineering, Propeller Divi-

' sion, Curtiss-Wright Corp.

Mr. Frank W. Caldwell.

Mr. R. Richard Heppe, Department Head, Aerodynamics, Lock-
heed Aircraft Corp.

Mr. R. S. Kelso, Cornell Aeronautical Laboratory, Inc.

Mr. Frank W. Kolk, American Airlines, Inc.

Mr. Thomas B. Rhines, Assistant Chief Engineer, Hamilton
Standard Division, United Aireraft Corp.

Mr. Kenneth E. Ward, Convair, Division of General Dynamics
Corp.

Mr. Ralph W. May, Secretary

Subcommittee on Seaplanes

Rear Adm. R. S. Hatcher, USN (Ret.), Professor and Chairman,
Department of Aeronautical Engineering, New York Uni-
versity, Chairman.

Mr. Robert F. Robinson, Air Research and Development Com-
mand. - ’

Mr. Eugene H. Handler, Bureau of Aeronautics, Department of

the Navy.
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Mr. F. W. 8. Locke, Jr., Bureau of Aeronautics, Department of
the Navy.

Mr. Marshall P. Tulin, Office of Naval Research, Department of
the Navy.

Mr. M. St. Denis, David W. Taylor Model Basin,

Comdr. H. C. Weart, USN, Naval Air Test Center, Patuxent.

Mr. Joseph Matulaitis, Office of the Chief of Transportation,

" Department of the Army.

Capt. Reinhold R. Johnson, USCG, Coast Guard Station,
Brooklyn.

Mr. Robert Rosenbaum, Civil Aeronautics Administration.

Mr. John B. Parkinson, NACA Langley Aeronautical Laboratory.

Mr. H. E. Brooke, Chief of Hydrodynamics, Convair, Division
of General Dynamics Corp.

Mr. Robert B. Cotton, Vice President, All American Engineer-
ing Co.

Mr. C. L. Fenn, Chief Engineer, Edo Corp.

Mr. Wilfred C. Hugli, Jr., Stevens Institute of Technology.

Mr. Grover Loening.

Mr. J. D. Pierson, The Martin Co.

Mr. Ralph W. May, Secretary

Subcommittee on Helicopters

Mr. L. L. Douglas, Vice President—Engineering, VERTOL
Aircraft Corp., Chairman.

Mr. Bernard Lindenbaum, Wright Air Development Center.

Mr. Paul A. Simmons, Jr.,, Wright Air Development Center.

Capt. James W. Klopp, USN, Bureau of Aeronautics, Depart-
ment of the Navy.

Mr. T. L. Wilson, Office of Naval Research, Department of
the Navy.

Lt. Col. M. J. Strok, USA, Office of the Chief of Research and
Development, Department of the Army.

Mr. J. Wallace McDonald, Oﬁice of the Chief of Transportation,
Department of the Army.

Comdr. James W. Williams, USCG, Headquarters, U. S. Coast
Guard.

Mr. Herbert H. Slaughter, Jr., Civil Aeronautics Administration.

Honorable Joseph P, Adams (ex officio), Vice Chairman, Civil
Aecronautics Board.

Mr. Richard C. Dingeldein,
Laboratory.

Mr. F. B. Gustafson, NACA Langley Aeronautical Laboratory.

Mr. Charles W. Harper, NACA Ames Aeronautical Laboratory.

Mr. Friedrich L. V. Doblhoff, Chief Engineer, - Helicopter
Engineering Division, McDonnell Aircraft Corp.

Mr. Jack E. Gallagher, Chief Engineer and Operations Manager,
New York Airways, Inc.

Mr. Bartram Kelley, Chief Helicopter Engineer, Bell Aircraft
Corp.

Mr. Ralph B. Lightfoot, Sikorsky Aircraft, United Aircraft Corp.

Prof. R. H, Miller, Associate Professor of Aeronautical Engineer-
ing, Massachusetts Institute of Technology.

Mr. Charles M. Seibel, Chief Engineer, Helicopter Division,
Cessna Aircraft Co.

Mr. N. M. Stefano, Chief—Rotary Wing, Fairchild Aircraft
Division, Fairchild. Engine and Airplane Corp.

Mr. Robert Wagner, Chief Engineer, Hiller Helicopters

NACA Langley Aeronautical

Mr. P. M. Lovell, Jr., Secretary

COMMITTEE ON POWER PLANTS FOR AIRCRAFT

Dr. Frederick C. Crawford, Chairman of the Board, Thompson
Products, Inc., Chairman.

Dean C. R. Soderburg, Dean of Engineering, Massachusetts
Institute of Technology, Vice Chairman.

Col. Donald Heaton, USAF, Directorate of Research and
Development.

Col. John J. B. Calderbank, USAF, Wright Air Development
Center.

Capt. Thomas B. Haley, USN, Bureau of Aeronautics, Depart-
ment of the Navy.

Col. C. L. Register, USA, Ballistic Research Laboratories,
Aberdeen Proving Ground.

Lt. Col. Michael J. Strok, USA, Office of Chief of Research and
Development, Department of the Army.

Mr. Stephen H. Rolle, Chief, Power Plant Branch, Aircraft
Engineering Division, Civil Aeronautics Administration.

Dr. Hugh L. Dryden (ex officio).

Mr. Abe Silverstein, NACA Lewis Flight Propulsion Laboratory.

Mr. John G. Borger, Pan American Airways System.

Mr. Allan Chilton, Chief Engineer, Aircraft Gas Turbine
Division, Westinghouse Electric Corp.

Mr. D. Cochran, General Manager, AGT Development Depart-
ment, General Electric Co.

Mr. J. T. Cooley, Vice President, California Research Corp.

Mr. Dimitrius Gerdan, Director of Engineering, Allison Division,
General Motors Corp.

Mr. Wilton G. Lundquist, Vice President, Curtiss-Wright
Corp.

Mr. Thomas E. Myers, North American Aviation, Inc.

Mr. Wright A. Parking, General Manager, Pratt & Whitney
Aircraft, United Aircraft Corp.

Mr. Ivar L. Shogran, Douglas Aircraft Co., Inc.
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Mr. Allen W. Dallas, Director, Engineering Division, Air Trans-
port Association of America.

Dr. Robert O. Fehr, Manager, Mechanical Engineering Labora-
tory, General Electric Co.

Dr. Stacy R. Guild, Johns Hopkins Hospital.

Dr. Cyril M. Harris, Director, Acoustics Laboratory, Columbia
University.

Dr. Hang W. Liepmann, California Institute of Technology.

Mr. Karl Martinez, Boeing Airplane Co.

Mr. M. M. Miller, Chief, Acoustics Section, Douglas Aircraft
Co., Inc.

Dr. Charles T. Molloy, Lockheed Aircraft Corp.

Mr. John M. Tyler, Pratt & Whitney Aircraft, United Aircraft
Corp.

Dr. P. J. Westervelt, Assistant Professor, Department of Physics,
Brown Umvers1ty

Mr. John M. Whitmore, Allison Division, General Motors Corp.

Mr. George P. Bates, Jr., Secretary

INDUSTRY CONSULTING COMMITTEE

Mr, William Littlewood, Vice President—Equipment Research,
American Airlines, Inc., Chairman.

Mr. L. R. Grumman, Chairman of the Board, Grumman Aircraft
Engineering Corp., Viece Chairman.

Mr. J. L. Atwood, President, North American Aviation, Inc.

Mr. J. H. Carmichael, President, Capital Airlines, Inec.

Dr. M. P. Ferguson, President, Bendix Aviation Corp.

Mr. Harvey Gaylord, Vice President—Helicopters, Bell Aircraft
Corp.

Mr. L. 8. Hobbs, Vice Chairman, United Aircraft Corp.

Mr. C. W. LaPlerre, Executive Vice Premdent General Electric
Co.

Mr. Mundy I. Peale, President, Republic Aviation Corp.

Mr. Dwane L. Wallace, President and General Manager, Cessna
Aireraft Co.

Dr. T. L. K. Smull, Secretary



Part III—-FINANCIAL REPORT

Funds appropriated for the Committee for the fiscal years 1956 and 1957 and obligations against the fiscal year 1956

appropriations are as follows:

Fiscal year 1956

Fiscal year 1957

Allotments

Obligations

Allotments

SALARIES AND EXPENSES APPROPRIATION

NACA Headquarters_ _ . _ oo
Langley Aeronautical Laboratory._ . ____ . ______ . _______ ...
Ames Aeronautical Laboratory.___ _____________ .. o _____
Lewis Flight Propulsion Laboratory ___ _______________________._____ —
High-Speed Flight Station________________ ..
Pilotless Aireraft Station._ - . _ . mean-
Western Coordination Office . _ _ . oo o ___
Wright-Patterson Liaison Office . _ __ _ .o
Research contracts with educational institutions___.___.___ .. ____.____
Research contracts with Government ageneies_____.__________.___.__.__..

Savings reserved for reappropriation. ... ___ . __.__

Unobligated balance_ ____ o __

$1, 557, 745
22, 141, 400
10, 929, 250
20, 237, 805
1,929, 695
928, 500
23, 935

15, 604
750, 300
198, 000

1, 422, 766

$1, 541, 237
22, 051, 384
10, 850, 663
20, 200, 066
1,913,134
908, 622
19, 979

15, 439
750, 291
198, 000

1, 500, 000
186, 185

$1, 624, 050
23, 778, 100
12, 978, 600
21, 591, 244
2, 090, 950
1,095, 335
32, 105
16,116
770, 000
200, 000

160, 135, 000

60, 135, 000

164, 176, 500

CONSTRUCTION AND EQUIPMENT APPROPRIATION

Langley Aeronautical Laboratory_.____ . ________ . ______________.__.__
Ames Aeronautical Laboratory.___._.__
Lewis Flight Propulsion Laboratory_. . _
Pilotless Aireraft Station________________ ...
Reserve transferred from prior years______________________________
Unobligated balanee_ . _________________ L ________

3, 325, 000
1, 055, 000
8, 395, 000

—300, 000

31, 741

418, 898

1, 796, 349
1,59
—32,013

110, 348, 430

7, 826, 000
906, 000
5,712, 000

112, 565, 000

12, 565, 000

314. 000, 000 -

. lAggni:ggéated in the Independent Offices Appropriation Aect, 1956, approved
une 30, 3
2 Appropriated in the Independent Offices Appropriation Aect, 1957, approved

June 27, 1956, and the First Supplemental Appropriation Act, 1957, approved July 27,
1956. Includes $1,500,000 reappropriation of fiscal year 1956 funds.
3 This balance remains available until expended.
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